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Page  2. 

Book  is  dedicated  to  presentation  of  fundamental  questions  of 
nanosecond  pulse  technique:  to  transient  processes  in  distributed 
systems,  generation  and  impulse  shaping,  to  their  conversion, 
amplification  and  recording. 

Bases  of  theory,  methods  and  principles  of  nanosecond  pulse 
technique  are  examined,  physical  processes  are  illuminated, 
calculations  of  specific  diagrams  and  elements  are  presented, 
technical  characteristics  of  devices/equipment  are  given. 

Book  is  intended  for  engineers,  who  work  in  region  of  radio 
electronics  and  who  carry  out  development,  by  design  and  by 
application  of  pulse  equipment,  instructors  and  students  of  VUZ  [  - 
Institute  of  Higher  Education]. 
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Page  3. 


PREFACE. 


Present  monograph  is  attempt  at  systematic  presentation  of  new 
scientific  discipline,  which  arose  and  which  developed  in  last  ten 
years  -  nanosecond  pulse  technique.  In  the  book  the  work  of  the 
authors  ($  Chapters  1,  2,  3,  5,  6,  9  and  10)  are  presented,  and  are 
also  used  other  materials,  published  in  the  Soviet  and  foreign  press. 
Chapters  1,  3,  4,  10,  11  and  S  1,  4,  5  Chapters  8  are  written  by  G.  V. 
Glebovich,  while  Chapters  2,  5,  6,  7,  9  and  S  2,  3  Chapters  8  -  by  L. 
A.  Morugin. 

Authors  express  gratitude  to  professor,  to  Dr.  of  Technical 
Sciences  Ya.  S.  Itskhoki,  to  docent,  Cand.  of  tech,  sciences  N.  I. 
Ovchinnikov  and  to  docent,  Cand.  of  tech,  sciences  T.  M.  Agakhanyan 
for  the  valuable  observations,  made  by  them  during  reading  of  the 
book. 
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Page  4. 

INTRODUCTION. 

Development  of  pulse  technology  in  recent  years  follows  path  of 
mastery/adoption  of  range  of  pulses  of  short  duration.  Not  more  than 
ten  years  ago  the  fundamental  range  of  the  pulse  durations  was 
microsecond  range;  at  the  present  time  it  arose  area  of  technology, 
that  is  occupied  by  obtaining  and  using  the  pulses,  into  thousands  of 
times  of  of  shorter,  nanosecond  pulse  technique.  This  direction 
reflects  the  changes,  which  occurred  recently  in  the  development  of 
technology  as  a  whole:  transit ion/ junction  to  the  increased  speeds, 
use  of  the  quick-flowing  reactions,  increase  in  the  accuracy  of 
measurements.  Investigations  into  the  field  of  nuclear  physics, 
ferrites,  semiconductors,  the  new  works  in  the  technology  of  shf/SVCh, 
etc.  required  the  creation  of  the  equipment,  capable  of  recording  the 
processes,  which  last  the  billionth  fractions  of  a  second  and  even 
shorter  intervals  of  time.  The  methods  of  nanosecond  pulse  technique 
found  use  in  the  radar,  the  radio  gage  technology,  communication 
equipment  and  some  other  regions.  The  resolution  of  the  problem  of  an 
increase  in  the  operating  speed  of  electronic  computers  depends 
substantially  on  the  successes  of  nanosecond  pulse  technique.  All 
these  facts  defined  the  position  of  nanosecond  pulse  technique  as  one 
of  the  most  promising  branches  of  radio  engineering. 


Problem  of  nanosecond  pulse  technique  is  generation,  conversion 
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and  recording  pulse  oscillations/vibrations,  i.e.,  the  same  problem, 
which  stands  also  before  pulse  technique  in  usual  understanding  of 
this  term,  i.e.,  before  microsecond  pulse  technique.  However, 
essential  difference  in  the  objects  of  conversion  leads  to  the 
fundamental  difference  in  the  methods  of  the  solution. 

Page  5. 

The  width  of  the  pulse  spectrum  of  nanosecond  duration  is  into 
thousands  of  times  more  than  the  width  of  the  pulse  spectrum  of 
microsecond  duration;  the  spectrum  of  nanosecond  pulses  stretches  from 
the  relatively  low  frequencies  to  the  frequencies,  which  correspond  to 
the  oscillations/vibrations  of  shf/SVCh.  In  accordance  with  this  all 
devices/equipment,  utilized  in  the  nanosecond  pulse  technique,  must 
work  in  the  range,  in  thousands  of  times  which  exceeds  the  range,  in 
which  work  the  dev ices/ equipment  in  the  "classical"  pulse  technique. 

Extremely  wide  pulse  spectrum  of  nanosecond  duration  does  not 
make  it  possible  effectively  to  utilize  as  linear  elements  of  circuit 
diagrams  with  lumped  parameters.  This  fact  led  to  the 
general/universal  application  in  the  nanosecond  pulse  technique  of 
distributed  circuits.  It  is  necessary  to  keep  in  mind  which  during 
the  use  of  the  distributed  systems  in  the  nanosecond  range  is 
necessary  to  consider  the  series/row  of  the  specific  phenomena,  which 
they  usually  disregard  in  the  microsecond  range  (loss  in  the 
dielectrics,  the  distortion  of  pulses  on  small  heterogeneities,  etc.). 


r 
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As  is  known,  effectiveness  of  work  of  tubes  in  pulsed  operations 
is  determined  in  essence  by  its  quality.  In  the  last  decade  the 
duration  of  operating  pulses  decreased  to  thousands  of  times,  whereas 
the  quality  of  tubes  increased  only  several  times.  Because  of  this 
the  effectiveness  of  the  work  of  vacuum-tube  circuits  in  the 
nanosecond  pulse  technique  proved  to  be  immeasurably  lower  than  in  the 
microsecond  pulse  technique.  It  is  obvious  that  in  proportion  to 
further  development  of  nanosecond  pulse  technology  to  the  side  of  the 
shortening  of  the  pulse  duration  the  disruption  between  increase  in 
the  quality  of  tubes  and  width  of  oscillation  spectrum  will  become 
more  perceived.  Deficiency  in  vacuum-tube  circuits  noted  above  leads 
to  the  need  for  transition/junction  to  other  active  elements  (for 
example,  to  tunnel  diodes,  to  ferrites,  etc.)  and  to  the  need  for  the 
review  of  the  methods  of  formation  and  converting  the  pulses;  to  a 
considerable  degree  transferred  into  the  nanosecond  pulse  technique 
from  the  pulses  technique  of-  larger  duration. 

Thus,  from  point  of  view  of  obtaining  pulses  of  short  duration 
fundamental  question  in  work  of  vacuum-tube  circuits  is  question  about 
steepness  of  edges  of  pulses  generated  by  them. 

Page  6. 

The  need  of  increasing  the  steepness  of  the  pulse  edges  led  to  the 
development  of  new  oscillator  circuits,  in  particular  the  diagrams,  in 
which  are  utilized  the  tubes  with  the  secondary  emission,  the 
phenomenon  of  the  recirculation  of  pulses,  etc.  However,  these 
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measures  do  not  make  it  possible  to  obtain  pulses  with  the 
slope/transconductance  of  front  of  more  than  10 x*  v/see.  The 
considerably  greater  possibilities  in  this  respect  possess  the 
diagrams  of  formation  with  the  commutating  elements  (steepness  of 
front  of  approximately  10 l*  V/sefc) .  The  radical  solution  of  obtaining 
the  periodic  steep-sided  pulses  was  the  use  of  shock  electromagnetic 
waves  in  the  distributed  nonlinear  systems,  with  the  aid  of  which  it 
is  possible  to  form  pulses  with  the  steepness  of  front  of 
approximately  1014  V/sea.  The  new  possibilities  of  generation  and 
amplifying  the  pulses  of  short  duration  open/disclose 
transition/ junction  from  the  vacuum-tube  circuits  to  the  solid-state 
element  circuits,  in  particular  on  the  tunnel  diodes. 

Great  difficulties  appear  during  recording  and  in  measuring 
parameters  of  nanosecond  pulses,  especially  when  their  duration  less 
than  nanosecond.  At  present  high-quality  transmission  and 
oscillography  of  such  pulses  noticeably  lag  behind  the  methods  of 
their  formation.  Appearance  of  the  tunnel  diodes  and  other  high  speed 
semiconductor  devices,  which  make  it  possible  to  obtain  the  pulses  of 
very  short  duration  on  the  low  stress  level,  raised  requirements  for 
the  oscillographs.  The  requirement  of  the  high  sensitivity  of 
oscillograph  with  the  high  time  resolution  is  very  difficult  to 
fulfill.  During  recording  of  the  repeating  pulses  this  difficulty  is 
overcome  by  using  the  stroboscopic  method  of  oscillography. 


In  spite  of  ever  larger  need  for  use  of  nanosecond  pulses  and 
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increasing  number  of  investigations  in  area  of  nanosecond  pulse 
technology,  still  is  perceived  deficiency  both  in  development  of 
series/row  of  important  questions  of  theory  and  in  conducting  of 
experimental  investigations.  Therefore  it  is  advisable  to  dedicate 
present  monograph  to  both  the  solution  of  the  series/row  of  the  urgent 
problems  of  nanosecond  pulse  technique  and  to  systematic  presentation 
of  its  contemporary  state. 
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Page  7. 

CHAPTER  ONE. 

TRANSIENT  PROCESSES  IN  TRANSMISSION  LINES. 

Active  width  of  spectrum  of  video  pulses  stretches  by  duration  of 
order  of  10*  ’-10* 10  s  to  frequencies  of  order  of  several  gigahertz. 
Therefore  very  wide-band  circuits  are  required  for  the  formation,  the 
transmission  and  converting  such  pulses. 

In  technology  of  microsecond  pulses  operations  above  pulses 
indicated  successfully  are  realized  in  circuits  with  lumped  parameters 
and  only  sometimes  distributed  systems  are  utilized  [1,  2], 

In  nanosecond  pulse  technique  application  of  circuits  with  lumped 
parameters  is  very  limited  [3].  Even  with  the  perfection  of  the 
constructions/designs  of  circuits  with  the  lumped  parameters  the 
unavoidable  presence  of  stray  inductances  and  capacities/capacitances 
does  not  make  it  possible  to  obtain  the  time  constants  of  circuit 
considerably  less  than  0.1  ns.  Therefore  formation  and  conversion  of 
pulses  with  the  duration  are  less  than  one  nanosecond,  and  that  more 
their  transmission  with  the  aid  of  the  circuits  with  the  lumped 
parameters  they  prove  to  be  impossible. 

In  connection  with  this  in  nanosecond  pulse  technique  distributed 
systems  increasingly  more  widely  are  utilized.  The  miniaturization  of 
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different  parts,  electronic  and  especially  semiconductor  devices  makes 
it  possible  to  create  the  construction/design  of  devices/equipment  for 
the  generation,  amplifications,  conversions  and  recordings  of 
nanosecond  pulses  with  the  coaxial  and  strip  lines.  The  application 
of  non-uniforms  circuit  permits  implement ion  of  a  transformation  of 
pulses,  amplitude  control  and  correction  of  their  form. 

Page  8. 

Thus,  distributed  systems  in  the  form  of  lines  of  transmission  of 
different  types  compose  base  of  many  devices/equipment.  For  the 
evaluation/estimate  of  the  quality  of  such  devices/equipment  and  their 
calculation  it  is  necessary  to  know  frequency  properties  and  transient 
responses  of  lines* 

In  nanosecond  range  of  pulse  durations  in  examination  of 
transient  processes  in  transmission  lines  it  is  necessary  to  consider 
some  properties  of  lines  (loss  in  dielectrics,  small  heterogeneities), 
which  were  not  essential  for  microsecond  pulse  technique  and  therefore 
usually  they  were  not  considered. 

1.1.  COAXIAL  LINES  AND  THEIR  TRANSIENT  RESPONSES. 

Most  widely  used  by  line  transmission,  utilized  in  nanosecond 
pulse  technique,  is  coaxial  uniform  line.  This  two-wire  circuit 
consists  of  the  continuous  internal  and  hollow  external  of  cylindrical 
conductors.  Space  between  the  conductors  in  the  majority  of  the  cases 
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is  filled  with  high-frequency  dielectric.  If  the  diameters  of 
conductors  are  constant/invariable  along  the  line,  then  this  line  is 
uniform. 

Fundamental  type  of  electromagnetic  wave,  which  is  propagated 
along  line,  is  wave  of  type  TEM,  whose  electrical  and  magnetic  fields 
are  mutually  perpendicular  and  arranged/located  at  right  angle  to 
direction  of  propagation  of  wave. 

Besides  rigid  constructions/designs  of  coaxial  lines 
radio-frequency  coaxial  cables  most  frequently  are  utilized. 

Frequency  properties  of  cable  upon  consideration  of  losses  and 
conductors  and  dielectrics. 

Primary  parameters  of  coaxial  line  are  effective  resistance  R, 
inductance  L,  capacity/capacitance  of  C  and  shunt  conductance  G.  The 
secondary  parameters  of  line  are  the  functions  of  primary.  They 
include  wave  impedance  p  and  propagation  constant  7=/3+ja,  where  /3  - 
decay  constant  and  a  -  constant  of  phase  displacement. 

Page  9. 

The  primary  parameters  of  line  and  the  propagation  constant  usually 
are  determined  per  unit  of  the  length  of  line. 


In  region  of  high  frequencies  interesting  us  secondary  parameters 
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of  line  are  defined  through  primary  by  following  expressions  [4]: 
-  wave  impedance 


R  +  ju>L 
G+htC 


(1-1) 


-  propagation  constant 

t = fW+nW+Rp) = P„  +  P» + /«  = 

-f/£+4/4+ 

+  '(/  /x+fK-#)’’  <'-2> 

where  p„,  pfl  -  respectively  attenuation  per  unit  length,  caused  by 
losses  only  in  conductors,  and  attenuation  per  unit  length,  caused  by 
losses  only  in  dielectric  of  line; 

a  -  phase  constant,  defined  both  by  values  jaf  reactive/jet ,  and 
effective  resistance  of  line  taking  into  account  lead  loss  and 
dielectric. 

Primary  parameters  are  determined  from  following  formulas: 

-  effective  resistance  of  line 

2(77+77)  [^]:  '  (1.3) 


-  inductance 


L  =  L.  +  L.n=^-{-r '“£[£];  ('-“I 


-  dielectric  conductance 
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(1.5) 


Page  10. 

Here  l,  -  internal  inductance  of  cable  (total  inductance  of 
conductors,  found  taking  into  account  surface  effect  in  them); 

L,h  -  external  ( inte/conductor)  inductance  of  line; 
t*a  and  -  respectively  magnetic  permeability  of  the  material  of 
conductors  and  material  of  the  dielectric  between  the  conductors; 

pa  -  specific  strength  of  materials  of  conductors,  0*mm2/m; 
rx  and  r,  -  radii  of  internal  continuous  and  external  is  gentle 
conductors,  m; 

tg  6  -  dielectric  power  factor  of  the  material  of  dielectric. 

All  enumerated  parameters  are  related  to  unit  of  length  of  line. 

Besides  parameters  indicated  is  of  interest  wave  propagation 
velocity  along  line 

v  =  yTeWceK]  (1.6) 


Key;  (1).  m/s. 

and  the  transit  time  of  the  wave  front  on  the  section  of  line  with  a 
length  of  one  meter,  which  is  otherwise  called  delay  time  per  unit  of 
the  length 
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t,o=/LC.  (1.7) 

If  line  uniform  and  is  loaded  to  the  effective  resistance,  equal  to 
its  wave  impedance,  then  the  complex  transmission  factor  of  the  line 

/C  =  |7C|e"y^)=e-"'/  ,  (1.8) 

where  l  -  length  of  line. 

If  we  do  not  consider  lead  loss  and  dielectric,  then  modulus  of 
transmission  factor  will  be  constant  value,  but  phase  response  will  be 
determined  by  expression 

9  (®)  =s  a>Y LC  /  =  *t90l  = 


Page  11. 

This  line  would  possess  ideal  characteristics  and  it  would  not 
introduce  distortions  into  transmitted  by  it  pulses. 

In  real  cases  of  transmission  of  nanosecond  pulses,  active  width 
of  spectrum  of  which  is  very  considerable  and  stretches  to  frequency 
on  the  order  of  10  GHz,  it  is  necessary  to  consider  losses  both  in 
conductors  and  in  dielectric.  In  connection  with  this  are  of 
considerable  interest  the  frequency  properties  of  the  real  coaxial 
transmission  lines,  and  first  of  all  of  coaxial  cable. 

As  show  measurements  of  losses  in  coaxial  cable  with  uniform 
polyethylene  filling,  lead  loss  have  prevailing  value  at  relatively 
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low  frequencies.  Losses  in  the  dielectric  become  commensurate  in  the 
value  with  the  lead  loss  at  frequencies  of  1.5-3  GHz,  and  at  the 
higher  frequencies  losses  in  the  dielectric  have  prevailing  value. 
Fig.  1.1  for  cable  RK-6  gives  the  graph/diagrams  of-  the  frequency 
dependence  of  attenuation  in  conductors  ft,  and  in  dielectric  &J51. 
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f.niu  cu 


Fig.  1.1.  Dependence  of  components  of  attenuation  p„  and  P*  cable 
RK-6  on  frequency. 

Key:  (1).  dB/m.  (2).  MHz. 


Page  12. 

For  evaluation/estimate  of  distortions  of  pulses  of  microsecond 
duration  during  their  propagation  according  to  cable  it  suffices  it 
was  sufficient  to  know  frequency  properties  and  transient  responses  of 
cable  taking  into  account  losses  only  in  conductors  [6].  During  the 
investigation  of  transient  processes  in  the  cable  during  the 
transmission  of  nanosecond  pulses  it  is  necessary  to  know  frequency 
properties  and  transient  responses  of  cable  taking  into  account  lead 
loss  and  dielectric. 


Let  us  examine  general  expression  for  propagation  factor  (1.2). 
The  complete  inductance  of  coaxial  cable  l=L,+Lbh,  but,  as  can  be  seen 
from  (1.4),  at  the  high  frequencies  occurs  inequality  Therefore 

it  is  possible  to  record 
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<0 VLC  =  .  V  (Lt  +  Ln) Ca« / LnC  (l  +  ^) 
or,  using  expression  (1.4), 


where 


•  VLC  «*  •  Y Lt^C  -f-  6,  ® , 


».=sr/  t  iW*  (•£+-£■)  [^]-  (1.9) 


Key :  ( 1 ) .  s 

Then  for  decay  constant  and  phase  constant  according  to 
expressions  (1.2),  (1.3)  and  (1.9)  we  find 

NP.+P^^+tKtII]'  (U0) 

a = ®  /l,hc +*>,/«+  [^r]  •  <U1> 

Key:  (1).  NP.  (2).  rad. 

For  determining  attenuation  due  to  losses  in  dielectric  it  is 
necessary  to  know  value  tg  5.  Losses  in  the  dielectric  depend  on 
frequency;  however,  analytical  expression  for  this  dependence  is  not 
known.  In  the  case  of  polyethylene  filling  are  known  the  experimental 
data  for  the  attenuation  in  the  cable  both  due  to  the  lead  loss  and 
due  to  the  losses  in  the  dielectric,  obtained  as  a  result  of  special 
measurements  over  a  wide  range  of  frequencies.  Is  known  also  the 
graph/curve,  which  determines  the  character  of  the  dependence  of  the 
loss  tangent  in  cable  polyethylene  on  frequency  [4). 


Page  13. 
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On  the  basis  of  experimental  data  is  located  formula,  with  the 
aid  of  which  it  is  possible  to  approximate  dependence  of  loss  tangent 
in  polyethylene  on  frequency.  Since  losses  in  the  dielectric  sense 
has  to  consider  only  at  the  high  frequencies,  beginning  from  several 
hundred  megahertz,  then  the  approximation  of  the  graph/diagram  of  the 
frequency  dependence  of  the  loss  tangent  in  the  frequency  region  from 
hundreds  of  megahertz  to  10  GHz  is  of  greatest  interest.  In  this 
frequency  region  dependence  tg  6  on  the  frequency  can  be  approximated 
by  formula  [5] 


tg 


6 


a, 

I  +m»’ 


(1.12) 


where  constant  aj-1.2‘10** 


sec^/rad1^ 


and  m«*2 


•y0*  * 1 


sec/rad. 


Conductivity  of  cable  G  at  high  frequencies  according  to  formulas 
(1.5)  and  (1.12)  is  determined  by  expression 


G  = 


a,u>3l2C 
1  +  mm 


(1.13) 


Using  this  formula  and  expression  for  the  losses  in  dielectric  p„,  we 
find  attenuation  in  the  cable  due  to  the  dielectric.  The  results  of 
calculation  satisfactorily  coincide  with  experimental  data  [5). 


On  the  basis  of  expressions  (1.10),  (1.11),  (1.13)  and  (1.2)  for 


propagation  constant  we  will  obtain 
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T  =  *»/ «>+ 


JI2 


1  +  mu 


-l- »  i 

i»  .  /  /  1  .  /j  /  <||  -  1  _ 

(  r-  aJl'Y 

where 

T/  1 

"  K  ^BU^  |  ”|  V  01  I 

2  v»YL,«C 

(1.14) 
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Then  transmission  factor  of  coaxial  cable  according  to  (1.8)  will 


take  form 


A  =  e  T'  =  jexpJ/ 

(j>,  u  —  j- 


,3/2  S 


I  +  /n» 


)+» 


Lm 


+  6./  ®  + 


y 


.  —i 


c  + 


(1.15) 


Passband  of  cable  can  be  found,  if  we  use  expression  for  modulus 
of  transmission  factor,  which  on  the  basis  (1.15)  will  be  recorded  as 
follows : 


|  K  |  =  exp  [-  /  ( b ,  /«  +  n^j)] 


+3a) 


(1.16) 


Cut-off  frequency  of  passband  is  equal  to  frequency  with  which 
transmission  factor  it  decreases  on  3  dfi  relative  to  its  value  at  low 
frequencies.  For  the  evaluation/estimate  of  the  modulus  of  the 
transmission  factor  of  the  most  frequently  utilized  in  the  nanosecond 
pulse  technique  cables  it  is  necessary  to  know  the  values  of 
coefficients  bj  and  a,  given  in 'table  1.1.  Coefficient  bx  is 
calculated  according  to  formula  (1.9)  taking  into  account  correction 
for  the  fact  that  the  internal  conductor  in  some  cables  multiple,  and 
external  conductor  is  carried  out  in  the  form  of  braid/cover. 

Fig.  1.2  gives  dependences  of  cut-off  frequency  of  passband  of 


mnwnawmp  i - -  * 
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cables  on  their  length.  Cut-off  frequency  „as  calculated  from 
formula  (1.16)  when  \k\  *0.707. 
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Table  1.1. 


(ti 

Tun  KaOe^ia 

j  (t)  KOMMmUMCHTOa 

?#*'/•/*] 

a[lO|T  C9kXMm- pad1!*] 

PK-100-7-13 

3,25 

3,0 

PK-75-4-15 

4,35 

3,0 

PK-75-4-lf 

5,3 

3.3 

PK-3 

2,15 

3,2 

PK-6 

2.14 

3.0 

PK-50-1 1-13 

2,16 

3  1 

Key:  (1).  Type  of  cable.  (2).  Values  of  coefficients.  (3).  ... 

secVVm.  (4).  ...  sec  rad1 2 . 

Page  15. 

From  the  figure  one  can  see  that  the  frequency  grows/rises  at  a  small 
length  of  cable  and  it  becomes  almost  identical  for  all  cables.  With 
an  increase  in  the  length  of  cable  the  frequency  is  reduced  for  the 
different  cables  differently.  At  a  small  length  of  cable  (1-3  m)  its 
broad-band  character  is  more  than  3  GHz  and  losses  in  the  dielectric 
have  prevailing  value.  The  values  of  these  losses  for  the  cables  of 
different  brand  are  almost  identical,  since  constant  a,  which 
determines  attenuation  p*.  for  these  cables  is  almost  identical.  At 
the  large  length  of  cable  the  lead  loss  have  prevailing  value.  Since 
the  value  of  constant  blf  entering  the  expression  for  attenuation  p„, 
is  different  for  the  cables  of  different  brand  fJTable  1.1),  the 
difference  in  the  broad-band  character  of  cables  at  their  larger 
length  is  more  noticeable. 
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Fig.  1.2.  Dependence  of  cut-off  frequency  of  passband  of  cables  on 
their  length:  — — ■  taking  into  account  losses  in  dielectric  and  in 

conductors;  -  taking  into  account  losses  only  in  conductors. 

Key:  (1).  Mtfx. 

Page  16. 

Let  us  note  that  the  curves  virtually  coincide  for  the  cables  of  the 
type  RK-3 ,  RK-6  and  RK-50-11-13. 

In  the  same  figure  dotted  line  gave  cut-off  frequency  of  cable 
RK-50-11-13,  obtained  without  taking  into  account  losses  in 
dielectric.  As  is  evident,  the  disagreement  by  continuous  and  dotted 
curve  is  very  considerable  at  a  small  length  of  cable,  which  indicates 
the  need  for  the  account  of  dielectric  losses  at  a  small  length  of 
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Transient  responses  of  coaxial  cables. 

Knowing  formula  (1.15)  for  transmission  factor,  it  is  possible  to 
obtain  expression  for  transient  response  of  cable: 

(1.17) 

—00 

where  tl  =  t  —  iyLauC  =  t  —  ta\  ta  -  delay  time  of  cable  by  length  l.  The 
determination  of  the  resultant  expression  of  the  transient  response  of 
cable  by  the  Fourier  integral  method  or  with  operating  method  is 
connected  with  the  great  difficulties  due  to  the  complexity  of 
expression  for  the  transmission  factor  (1.15).  Even  approximate 
solution  of  problem  for  the  low  values  of  tx  and  l  leads  to  the  very 
awkward  expressions.  Therefore  transient  response  can  be  either  found 
with  grapho-analyt ic  method  from  the  real  frequency  characteristic  of 
coaxial  cable  or  it  is  calculated  on  the  electronic  computer. 

Page  17. 

Real  part  of  transmission  factor  on  the  basis  (1.15)  has 
expression 

Re  (K)  =  P(<o)=e~'  (I-18) 

where  it  is  taken  into  consideration,  that  for  real  cables  in 
interesting  us  frequency  region  occurs  inequality 
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2« 


<  &,  K®: 


furthermore,  in  value  of  argument  of  cosine  is  rejected/thrown  term 
l<o\/LauC,  since  it  determines  linear  increase  of  phase  shift  during 
emission  of  the  signal  along  line,  i.e.,  is  of  interest  only  during 
evaluation  of  signal  delay. 


Grapho-analytically  transient  response  is  found  in  the  form  of 

sum: 


where 


i  2=1 

Ai  (t)  sin  rn/du). 

0 


Function  P(u)  is  represented  in  the  form  of  finite  number  of 
terms: 

pH  =  YlPi  (»)• 

j=i 

Triangles  are  taken  as  elementary  functions  p^^  .  For  this 
dependence  P(u)  is  approximated  by  the  sum  of  triangles,  and  then 
transient  response  is  calculated  with  the  aid  of  the  appropriate 
formulas  and  "fables  [7]. 

Grapho-analytically  calculated  transient  responses  for  set  of 
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cables  at  their  different  length.  Then  transient  responses  were 
calculated  with  the  aid  of  computer  BESM-2.  The  results  of 
calculations,  obtained  by  both  methods,  gave  satisfactory  coincidence 
[8]. 


As  example  Fig.  1.3  gives  transient  responses  of  cable 
RK-50-11-13  for  sections/segments  length  1,  5,  10  and  30  m.  The  same 
figure  gives  the  transient  responses  of  this  cable,  calculated  taking 
into  account  losses  only  in  the  conductors  (dotted  curves).  Cable 
RK-50-11-13  has  the  transient  responses,  very  close  to  the 
characteristics  of  cables  RK-3  and  RK-6  [9]. 

Page  18. 

Fig.  1.4  gives  transient  responses  of  cable  RK-75-4-15  with 
length  of  5,  10  and  20  m,  obtained  in  the  case  of  account  of  lead  loss 
and  dielectric.  Due  to  the  lead  loss  dielectric  are 
weakened/attenuated  the  high-frequency  components  of  signal,  which 
leads  to  the  decrease  of  the  slope/transconductance  of  the  frontal 
part  of  transient  response.  This  slope/transconductance  is 
proportional  to  cut-off  frequency  of  the  passband  of  line  and  is 
approximately  equal  to  (12-5-13)/^  (9J. 

Transient  response  of  cable  (Fig.  1.4)  can  be  divided  in  two 
sections!  rapid  build-up/growth  of  function  A(tt)  and  its  slow 
build-up.  Comparing  continuous  and  dotted  curves  (Fig.  1.3),  it  is 
easy  to  see  that  the  slope/transconductance  of  the  first  section  of 
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transient  response  upon  consideration  of  losses  only  in  the  conductors 
is  noticeably  more  than  mutual  conductance,  obtained  taking  into 
account  lead  loss  and  dielectric.  The  difference  in  the 
slope/transconductance  is  more  noticeable,  the  less  the  length  of 
cable,  i.e.,  when  the  specific  significance  of  losses  in  the 
dielectric  is  more. 
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Fig.  1.3.  Transient  responses  of  cable  RK-50-11-13  of  length  1,  5,  10 

and  30  m:  -  taking  into  account  losses  only  in  conductors;  - 

taking  into  account  lead  loss  and  dielectric. 

Key:  (1).  ns. 

Page  19. 

Actually,  the  less  the  length  /,  the  greater  the  cut-off  frequency  of 
passband  (Fig.  1.2),  and  losses  in  the  dielectric  already  predominate 
at  frequencies  of  more  than  3  GHz. 

Transient  responses  of  coaxial  cable  are  characterized  by  fact 
that  time  of  establishment  of  transient  processes,  determined  usually 
at  level  0.1  and  0.9  from  steady-state  value,  proves  to  be  very  great 
and  does  not  reflect  value  of  time  of  establishment  ty,  which 
determines  distortions  of  edge  of  pulse  transmitted  through  cable. 

This  is  explained  by  the  slow  build-up  of  the  second  section  of 
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transient  response  (Fig.  1.4).  As  is  evident,  value  AftiHO.S  proves 
to  be  not  characteristic.  Therefore  the  evaluation  of  the  transient 
response  of  cable  according  to  the  determination  of  the  time  of 
establishment  accepted  is  unsuitable. 
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Fig.  1.4.  Transient  responses  of  cable  RK-75-4-15  with  length  of  5, 

10  and  20  m,  obtained  taking  into  account  lead  loss  and  dielectric. 

Key :  ( 1 ) .  ns . 

Page  20. 

For  calculating  duration  of  edge  of  pulse  at  output  of  linear 
network  we  will  use  known  relationship/ratio 

4.=  K  • 

where  /<ti  -  duration  of  pulse  edge  at  input, 

4  -  time  of  establishment  of  transient  response  of  line. 


Knowing  /tl  and  (they  are  measured  at  level  0.1  0.9  from 
amplitude  value  of  pulse),  it  is  easy  to  find  value  ry,  which  can  be 
approximately  accepted  for  time  of  establishment  of  transient  response 
of  coaxial  cable.  The  calculations  of  the  shape  of  pulse  at  the 


i-O/  ..'uvrfm***-"’ 
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output  of  cable  according  to  the  assigned  shape  of  pulse  at  the  input 
and  the  known  transient  response,  carried  out  in  electronic  computer 
[10],  make  it  possible  to  determine  and  then  ty.  It  proves  to  be 
that  the  time  of  the  establishment  of  transient  response  can  be 
rated/estimated  on  the  time  interval,  included  between  the  points  of 
intersection  with  tangent  to  the  transient  response  (at  point 
ACt^^O.S)  with  the  axis  of  abscissas  and  the  line,  which  corresponds 
to  A(tx)*l.  In  Fig.  1.4  tangent  is  carried  out  to  the  transient 
response  of  cable  RK-75-4-15  with  a  length  of  10  m. 


For  analysis  of  transient  processes  in  cable  under  influence  of 
nanosecond  pulses  it  is  desirable  to  have  resultant  expression  for 
transient  response,  and  not  to  resort  to  grapho-analytic  calculations. 


In  the  case  of  account  of  losses  oniy  in  conductors  of  cable  in 
expression  (1.15)  one  should  assume  a=0,  and  then  integral  (1.17) 
easily  is  calculated,  and  transient  response  is  expressed  by  known 
dependence  [6]. 

=  (1.19) 


where  ~  ^unct*on  Kramp  [transliterated];  b  =  biy 2. 


Numerical  calculations  of  transient  responses  of  coaxial  cables 
taking  into  account  lead  loss  and  dielectric  show  that  for  transient 
response  of  coaxial  cable  with  polyethylene  filling  can  be  proposed 
expression,  obtained  as  a  result  of  changing  formula  (1.19): 
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(1.20) 

1 


Page  21. 


Here  Prp  -  attenuation  of  cable,  determined  taking  into  account  lead 
loss  and  dielectric  at  the  cut-off  frequency  of  passband  fr p,  i.e. 
according  to  (1.16) 


Prp  =  Pn  rp  +  Pn  rp  —  V^Kf  rp 


a  (2*frv)3/2 
1  -j-  2 Kfflf  rp 


(1.21) 


Cut-off  frequency  for  different  cables  by  length  l  is  determined 
on  curves  /rp=^(0  (Fig.  1.2).  In  Fig.  1.4  crosses  noted  the  values  of 
transient  responses,  obtained  according  to  approximation  formula 
(1.20),  and  unbroken  curves  correspond  to  the  characteristics, 
designed  on  the  basis  (1.17)  with  the  aid  of  the  electronic  computer. 
As  is  evident,  approximate  values  are  close  to  the  calculated. 


1.2.  Distortions  of  nanosecond  pulses  about  to  transmission  on 
coaxial  cable. 


Using  approximation  for  transient  response  of  cable  (1.20)  and 
Duhamel  integral,  it  is  possible  to  find  shape  of  pulse  at  output  of 
cable  u,(t)  from  known  shape  of  pulse  at  input  ux(t): 


ut  (/,)  =  «,  (/)  A  (0)  +  (  h,  (/,  -  5)  A'  (?)  dl 


* 


**«■*►•><*» 
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If  to  input  of  cable  is  given  linearly  increasing  voltage/stress 
u1(t)»kt,  then  output  potential  of  cable  by  length  /  with  ul(t)»0, 
where  tSO,  will  be 


2K^7s)] 


e 


p 

Ae—  \ 

l. 


(1.22) 


Using  method  of  imposition,  on  the  basis  of  expression  (1.22)  it 
is  possible  to  find  distortions  of  video  pulse  of  triangular, 
trapezoidal  form  or  drop/ jump  in  voltage/stress  with  final  duration  of 
front. 

Page  22. 

Fig.  1.5a  shows  the  form  of  output  potential  of  cable  RK-75-4-15  with 
a  length  of  5  m  (unbroken  curves),  if  to  its  input  drops/jumps  in  the 
voltage/stress  with  the  amplitude,  equal  to  one,  are  given  and  by  the 
duration  of  front  with  respect  0.01,  0.05  and  0.1  ns  (dotted  lines). 

As  is  evident,  the  pulse  edge  at  the  output  has  considerably  smaller 
slope/transconductance,  than  at  the  input.  Fig.  1.5b  shows  a  change 
in  the  form  of  the  initial  video  pulse,  described  by  function  u(t)= 
sin*  kt,  during  its  transmission  through  the  segment  of  cable 
RK-50-11-13  with  a  length  of  5  m.  The  shape  of  pulse  at  the  output  is 
designed  according  to  the  transient  response,  obtained  taking  into 
account  losses  in  dielectric  (1.20),  also,  without  taking  into  account 
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losses  in  dielectric  (1.19).  As  is  evident,  for  the  pulse  duration, 
considerably  by  smaller  1  ns,  and  the  account  of  losses  in  the 
dielectric  is  necessary  at  the  small  length  of  cable. 
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Fig.  1.5a.  Output  potential  of  cable  RK-75-4-15  with  a  length  of  5  m 
(unbroken  curves)  during  the  supplying  to  its  input  of  a  drop/jump  in 
the  voltage/stress  with  a  duration  of  the  front  of  0.01  ns  (1);  0.05 
ns  ( 2 )  and  0.1  ns  ( 3 ) . 

Key :  ( 1 ) .  ns . 


during  the  supplying  to  the  input  of  the  cable  of  the  pulse  of  form 
u(t)»  sin*  kt  (1),  designed  according  to  the  transient  response  of 
cable  without  taking  into  account  losses  in  dielectric  (2)  and  taking 
into  account  losses  in  dielectric  (3). 

Key:  (1).  ns. 
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Page  23. 

Let  us  examine  distortions  of  nanosecond  radio  pulses  during 
their  transmission  along  cable.  Let  the  input  of  cable  the  radio 
pulse 

«,  (0  =  F  (0  e/"*< , 

where  F(t)  -  function,  which  presents  pulse  envelope,  enter; 
w0  -  carrier  frequency. 

Transient  response  of  cable  [see  formula  (1.20)]  let  us  record  in 
the  form 


where 


Assuming  that  Uj(t)=0  with  tSO,  and  using  Duhamel 

integral,  for  pulse  at  output  of  line  by  length  l  we  will  obtain 

«,  0  =  |  F  (/,  -  X)  ±  erfc  dX  = 

JM'I’ 

F  (/,  -  5)  e7"*  T3/i  e  *  <£  (1.23) 


If  pulse  envelope  is  rectilinear  (for  example,  pulse  edge),  i.e., 


F(t)*kt,  where  k**const,  then  from  preceding/previous  expression  we 
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will  obtain 


e-y"*sr3/2  e~  46  d\- 

t,  __  WM  -» 

_je-^r,,2c  «ds  . 

0  J 


Integrals  in  this  expression  can  be  calculated  by  asymptotic 
method. 

Page  24. 

Using  expression  (1.24)  and  superposition  principle,  it  is  possible  to 
find  output  signal,  if  at  the  input  of  cable  operates  nanosecond  radio 
pulse  from  the  enveloping  triangular  or  trapezoidal  form. 

Calculation  of  distortions  of  nanosecond  pulses,  connected  with 
their  transmission  through  coaxial  cable,  and  also  experimental  check 
[8,  9]  of  given  above  formulas  they  indicate  need  for  account  of 
losses  both  in  conductors  and  in  dielectric  of  cable.  The  account  of 
losses  in  the  dielectric  is  especially  necessary  during  the 
transmission  of  pulses  with  the  duration  of  less  than  1  ns  through  the 
segments  of  the  cable  of  small  length.  When  pulses  are  transmitted 
through  the  cable  by  the  length  of  more  than  40-50  m,  the  account  of 
losses  in  the  dielectric  on  is  so/such  essential. 

In  the  case  of  application  for  delay  and  transmission  of 
nanosecond  pulses  of  coaxial  cables  with  length  of  more  than  1-2  m  it 
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is  expedient  to  utilize  cables  with  large  diameters  of  internal  and 
external  conductors  as  a  result  of  the  fact  that  losses  in  such 
conductors  of  cable  are  less.  The  possibility  of  the  existence  in 
them  of  the  oscillations/vibrations  of  the  highest  types  is 
eliminated,  since  due  to  the  total  losses  the  passband  of  the  cables 
with  a  length  of  1.5-2  m  is  limited  by  frequency  5-10  GHz  which  lower 
than  the  critical  frequencies  the  dog. 

1.3.  Coaxial  delay  lines. 

Selection  of  coaxial  cables. 

Coaxial  cables  with  polyethylene  filling  as  delay  line  of 
nanosecond  pulses  to  admissibly  use  only  with  small  delay  time.  In 
the  case  of  pulse  delay  by  the  duration  of  less  than  1  ns  it  is 
expedient  to  utilize  the  cables  with  the  filling  of  their  teflon, 
which  have  loss  in  the  dielectric  somewhat  less.  Cables  with  an 
air-plastic  insulation  have  even  smaller  losses,  but  they  are 
characterized  by  discontinuity,  which  leads  to  the  distortions  of  the 
pulses  of  short  duration. 

Table  1.2  gives  data  of  Soviet  coaxial  cables,  which  are  most 
adequate/approach  for  transmission  and  delay  of  nanosecond  pulses  [4]. 

Page  25. 

First  five  cable  make-ups  have  as  dielectric  continuous 
polyethylene  filling,  and  latter/last  four  cables  have  continuous 
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filling  from  teflon.  Dielectric  losses  in  teflon  are  almost  two  times 
less  than  in  polyethylene  (at  frequencies  from  hundreds  of  megahertz 
to  10  GHz);  therefore  the  resulting  attenuation  in  latter/last  cables 
is  less  than  in  five  preceding/previous  (Table  1.2). 

Special  delay  lines. 

For  delay  of  nanosecond  pulses  are  developed  miniature  coaxial 
delay  lines,  in  which  is  utilized  property  of  superconductivity  of 
materials  at  very  low  frequencies  [11].  This  delay  line  with  a  wave 
impedance  of  50  ohms  has  a  small  cross  section  of  conductors.  Center 
conductor  is  fulfilled  from  niobium  with  a  diameter  of  0.25  mm,  and 
external  -  from  lead  with  a  diameter  of  0.86  mm.  In  this  case 
critical  frequency  for  the  oscillations/vibrations  of  the  highest 
types  is  equal  to  100  GHz.  For  purposes  of  reduction  in  the  losses  to 
the  minimum  entire  system  is  at  a  temperature  4°K,  for  which  the ■ 
cable,  wound  around  the  drum,  is  placed  into  the  container  with  liquid 
helium.  At  this  temperature  the  losses  in  the  dielectric  (teflon)  of 
cable  vanish,  and  conductivity,  for  example  in  lead,  it  increases  1011 
times  in  comparison  with  the  conductivity  at  0°C. 

Thus,  line  is  very  wide-band  both  with  small  and  at  its  large 
length. 


I 


1 
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i 
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Table  1.2. 


it) 

Taa  ufcjii 

(V - - 

BonHOftoe 

COltpOTUB* 

jieime.  om 

- 

EMKOCTb. 

mpl  m 

^3iTyxiMue  ua 
•ucroTe  10  rin. 
dtS/M 

57 - 

HciiNTaTc  ibHoe 
Hanp*4c«Hiie,  n 

PK-50-1  M3 

50 

I0G 

2,4 

12 

PK-50-7-16 

50 

102 

2,6 

9 

PK-75-7-16 

75 

69 

2.7 

7 

PK-75-7- 1 1 

75 

75 

2.7 

6 

PK-100-7-13 

100 

57 

2,6 

10 

PK  -50  -U  21 

50 

106 

1.7 

12 

PK-75-7-21 

75 

71 

1.7 

12 

PK-75-7-22 

75 

69 

1,9 

7 

PK- 100-7-21 

100 

57 

1.9 

10 

Key:  (1).  Type  of  cable.  (2).  Wave  impedance,  ohm.  (3). 

Capacity/capacitance,  pF/m.  (4).  Attenuation  at  frequency  of  10  GHz, 
dB/m.  (5).  Testing  voltage,  kV. 
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However,  during  the  use  of  this  zero-loss  circuit  difficulties  appear. 
If  coaxial  pairs  are  carried  out  not  very  accurately,  then  in  the 
places  for  heterogeneity  (just  as  in  the  case  of  heterogeneity  in  line 
itself)  appear  the  waves  reflected.  During  the  transmission  of  pulses 
the  appearing  echo  pulses  by  the  force  of  the  absence  of  line  loss 
will  be  for  long  propagated  from  the  end/lead  of  the  line  at  the 
beginning  and  vice  versa.  As  a  result  the  considerable  distortions  of 
main  impulses  can  arise.  Therefore  the  special  constructions/designs 
of  small/miniature  coaxial  pairs  of  high  quality  are  necessary  for 
similar  lines.  The  experimental  studies  of  this  superconducting  line 
showed  [11]  that  during  the  transmission  of  pulses  with  the  front  with 
the  duration  of  0.4  ns  along  the  line  with  the  length  of  30  m  the 
steepness  of  their  front  does  not  change. 
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Extension  (telescopic)  lines  with  air  filling  can  be  used  if 
necessary  for  small  continuously  adjustable  delay  of  nanosecond 
pulses.  In  their  construction/design  must  be  provided  the  constancy 
of  wave  impedance,  the  high  accuracy  of  the  fulfillment  of  transitions 
from  one  section  of  line  to  another  is  required  for  which  and  the 
proper  quality  of  sliding  contacts.  Such  lines  successfully  are  used 
in  the  very  high  speed  oscillographs  for  calibrating  the  duration  of 
the  observed  pulses.  For  obtaining  the  delay  1-2  ns  the  length  of 
line  must  be  equal  to  30-60  cm.  The  measurement  of  the  time  interval 
is  made  with  an  accuracy  to  10* 11  s’ and  is  limited  to  the  resolution 
of  the  electronic  part  of  the  oscillograph.  The  distortions  of  the 
shape  of  pulse  in  the  line  are  small  and  are  affected  the  quality  of 
coaxial  pairs  at  its  ends/leads. 


1.4.  Strip  transmission  lines  and  their  transient  responses. 


With  formation  of  low-power  nanosecond  pulses  with  duration  of 
order  of  nanosecond  and  less,  for  example,  with  the  aid  of  tunnel 
diodes  and  other  semiconductor  devices,  are  used  diagrams,  carried  out 
by  means  of  printed  wiring.  In  this  way  it  is  possible  to 
considerably  reduce  the  parasitic  circuit  parameters. 

Page  27, 

In  these  cases  it  is  convenient  for  the  delay,  the  transmission  of 
pulses  and  as  the  forming  lines  to  use  the  strip  transmission  lines. 

In  connection  with  this  it  is  necessary  to  know  the  characteristics  of 
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strip  lines  as  the  lines  of  transmission  of  nanosecond  pulses. 

Parameters  of  strip  line. 

For  transmission  of  nanosecond  pulses  strip  line  (Fig.  1.6), 
which  is  called  symmetrical  strip  line,  is  of  interest.  Line  consists 
of  two  grounded  external  metallic  bands  and  metallic  strip,  situated 
between  them  at  a  distance  of  h  (from  each  external  band).  Space 
between  them  is  usually  filled  with  dielectric.  Symmetrical  strip 
line  is  the  shielded  system.  Exemplary/approximate  field  distribution 
in  this  system  is  shown  in  Fig.  1.6b.  Entire  electric  field  is 
concentrated  in  the  region  of  cavity,  and  since  there  are  no  between 
the  external  bands  of  potential  difference,  then  the  plane  of  central 
strip  (beyond  the  limits  of  strip),  actually,  is  the  region,  free  from 
the  field. 

Strip,  as  coaxial  line,  works  in  mode  of  fundamental  oscillations 
of  form  of  T£/«  *  The  most  important  parameters  of  strip  line 
include  the  capacitance  per  unit  length  C,  wave  impedance  p  and  wave 
propagation  velocity  V. 

Wave  impedance  and  wave  propagation  velocity  are  respectively 
determined  by  formulas 


p-l/4" 

(1.25) 

o- 1  n'Lc, 

(1.26) 

whence  we  will  obtain 

1 

P  =  5C- 

(1.27) 
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Fig.  1.6.  Strip  line  of  transmission  (a)  and  field  distribution  in  it 
(b). 
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Since  wave  propagation  velocity  can  be  recorded 

•-£Srf=]-  "•28) 

Key:  (1).  s. 

where  »,  and  j»r  -  relative  dielectric  and  magnetic  constants  of  the 
material  of  line,  the  wave  impedance  • 


p-r&ir  l“l- 


(1.29) 


In  the  case  of  absolutely  conducting  strips  zero  thickness 
following  precise  formula  for  wave  impedance  of  strip  line  (12]  is 
valid: 


_ 30n*  (*) 

P~  K(k')  • 


(1.30) 


where  K(k)  and  K(k')  -  complete  elliptical  integrals  of  the  first 
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kind,  expressed  through 


k  =  sch  (*D/4A), 
k'  =  th  (*D/4A). 


In  real  construction/design  of  line  thickness  of  strip  is  final 

(  Very  approximate,  yalue  of  wave  impedance  can 
and  exerts  a  substarrrial  influehce  on  wave  impedance 

obtained  on  the  basis  (1.29),  if  capacity/capacitance  of  line  is 


calculated  from  formula  for  capacity/capacitance  of  parallel-plate 


capacitor 


C„  =  35,4 


•DI2h 
I  +  dl2h  ‘ 


(1.31) 
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Fig.  1.7.  Distribution  of  capacities/capacitances  in  strip  line. 
Page  29. 

Use  of  expression  (1.31)  is  admissible  during  very  approximate 
calculations  of  wave  impedance,  whose  value  is  less  than  25  ohms,  and 
with  high  values  p  capacity/capacitance  of  fringing  field  composes 
noticeable  part  of  total  capacitance  (Fig.  1.7).  General/common 
capacitance  per  unit  length  then  will  be 

C  =  C„  +  CK.  0-32) 


Capacity/capacitance  of  fringing  field  c„  =  /  *s  determined 

by  sizes/dimensions  of  line  and  by  dielectric  constant  e.  A  precise 
formula,  found  with  the  aid  of  conformal  mapping,  is  given  in  [12]. 

In  view  of  the  unwieldiness  of  the  expressions,  which  are  obtained  for 
the  wave  impedance,  to  more  conveniently  use  the  graph/curve  of  the 
line  characteristics,  given  in  Fig.  1.8.  Size/dimension  change  makes 
it  possible  to  obtain  lines  with  the  very  different  wave  impedance. 
Lines  with  the  low  wave  impedance  have  wider  strip,  i.e.,  the  larger 
value  of  D/(2h+d). 
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Fig-  1.8.  Graph/curve  for  calculating  wave  impedance  of  strip  line. 
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Lines  with  very  low  wave  impedance  are  necessary  for  some 
schematics  of  nanosecond  generators,  and  in  these  cases  it  is  possible 
to  utilize  strip  lines.  During  the  selection  of  the  geometric 
dimensions  of  line  it  is  necessary  to  have  in  mind  that  the  transverse 
sizes/dimensions  of  line  must  be  small  for  the  avoidance  of  the 
possibility  of  the  onset  of  the  waves  of  the  highest  types.  Thus,  the 
distance  between  the  external  bands  must  be  less  X/2,  where  X  - 
maximum  critical  wavelength  of  highest  type  oscillations.  The  width 
of  strip  also  must  not  substantially  exceed  this  value. 

Attenuation  is  important  parameter  of  strip  line.  Just  as  in  the 
coaxial  line,  here  energy  losses  depend  on  lead  loss,  mainly  due  to 
the  surface  effect,  and  by  losses  in  the  dielectric,  which  fills  line. 
Total  attenuation  is  caused  by  lead  loss  ft,  and  losses  in  dielectric 

P  =  +  (1.33) 


Attenuation  constant  in  conductors  is  determined  by  ratio  of 
power  of  losses  pu  to  transmitted  power  P: 

e  —  p- 

Pn  — 

Power  of  losses  is  found  from  expression 
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Pn  =  g-J|£|*<fc, 

where  n=y/ *fp/a-  -  value,  which  determines  surface  strength  of 
materials  of  conductors; 

a  -  conductivity  of  material  of  strips; 

E  -  electric  intensity; 

s  -  no-flow  length  of  way  of  integration,  which  is  conducted  on 
boundaries  of  all  conductors. 

Page  31. 

Rate  of  flow  of  energy,  which  takes  place  in  line,  is  equal  to 


where  U  -  maximum  instantaneous  value  of  voltage/stress  in  line. 

Approximate  computation  of  attenuation  in  conductors  of  line  when 
central  strip  is  sufficiently  wide  (D/2h>0.35),  should  be  performed 
according  to  expression  [12] 

pn  =  2/<^n>2»  P«„  [i  — (—  D//i  +  —  (1  +  d/2h)  In  (1  +4A/J) j , 

(1.34) 

where  na  and  n„  “  respectively  magnetic  permeability  of  dielectric 
medium  and  material  of  conductors,  H/m; 

en  -  dielectric  constant  of  dielectric  medium,  F/m; 
a  -  conductivity,  l/dhin* m. 

Geometric  dimensions  are  expressed  in  meters. 
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In  the  case  of  copper  conductors  we  will  obtain 

+D/h  +  -l-(\+d/2h)X 

Xln(l  +4/i/d)j  I&u/m]; 


Key :  ( 1 ) .  dB/m . 

here  «r  and  pr  -  relative  values  of  the  dielectric  and  magnetic 
constant  of  dielectric  medium. 

Instead  of  (1.34)  let  us  record 

=  (1.35) 

where 

B,  =  [l  +  D/h  +  4-  (1  +  d/2h)  X 

Xln(l+4A/d)]  l %Km/M).  (1.36) 


Key:  (1).  sec 1/1  /m. 

Expression  for  attenuation  in  the  case  of  very  narrow  central 
strip  give  we  will  not  be,  since  this  corresponds  to  case  of  high  wave 
impedance,  which  are  not  here  of  interest. 

Page  32. 

It  is  evident  from  expression  (1.34)  that  attenuation  p„  in 
conductors  decreases  with  increase  in  distance  between  strips,  and 
also  with  decrease  of  wave  impedance  p,  whose  value  in  turn  decreases 
with  increase  in  ratio  D/h. 
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Attenuation  due  to  losses  in  dielectric,  which  fills  evenly 
space  between  strips,  can  be  calculated,  knowing  power  losses  in 
dielectric  pa  and  rate  of  flow  of  energy,  transmitted  by  line  P. 
Power  losses  in  the  dielectric  per  unit  of  the  length  of  the  line 

Pa  =  -^j|£]*</S, 

where  a *  -  dielectric  conductance,  which  is  determined  from  the 
complex  dielectric  constant; 

dS  -  element  of  area  of  dielectric. 


Attenuation  in  dielectric  is  determined  by  relation  of  power: 


W‘ 


Since  in  expressions  for  pa  and  P  range  of  integration  one  and 
the  same,  then  for  is  obtained  expression,  which  does  not  depend  on 
sizes/dimensions  of  conductors.  Attenuation  per  unit  length  [12]  is 
equal 


_  M  V t,  tg  4 


2c 


a>  V •, 

:  6-10* 


tlln/M], 


(1.37) 


Key:  (1).  np/m. 

where  e,  -  relative  dielectric  constant; 

c  -  wave  propagation  velocity  in  the  free  space; 
tg  5  -  loss  tangent  in  the  dielectric. 
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Attenuation  in  dielectric  can  be  recorded  otherwise: 

=  f nn/M],  (1.38) 

Key:  (1).  np/m. 

where 

Al  =  =  1,66- 10-*  VZ  j&/«].  (1 .39) 


Key:  (1).  s/m. 

For  determining  phase  constant  strip  line  it  is  necessary  to 
consider  internal  inductance  L,  of  conductors,  which  appears  due  to 
surface  effect. 

Page  33.  * 

The  modulus  of  resistance  of  this  inductance  is  equal  to  the  value  of 
the  effective  resistance  of  lead  loss.  Therefore,  as  in  the  case  of 
coaxial  line,  propagation  constant  J  in  general  form  will  be 
expressed: 

•  Y  =  Pn  H“  Pa  4“  /*  =  Pn  +  Pn  +  /  if  ■  Pn  -f* 

|  (Pn  —  P,)1  1 
2u  \TL„C  V 

Using  expressions  (1.35)  and  (1.38),  we  will  obtain 
f  =  Bt j/ io  +/1,®  tg  8  -j-  j y/ L,UC y 

( B ,  ' ’AtU  tg  i)‘  1  /j 

I’ 


+ 
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where  external  inductance  of  line  Laa  is  determined  according  to 
(1.25)  in  terms  of  known  values  of  wave  impedance  p  and 
capacity/capacitance  of  C  [formula  (1.32)]. 


For  real  constructions/designs  of  strip  lines  in  interesting  us 


frequency  region  (to  10  GHz)  are  always  fulfilled  following 


inequalities  [13]: 


(a,  /a  —  i4i«  tg  ,g  / 

2c*  V  L,bC  iV 

(B,  l!ra  —  Al a  tgi)« 

2c*  V  TtaC 


/LWC. 


Then  for  transmission  factor  of  uniform  strip  line,  continuously 
filled  with  dielectric,  we  obtain  expression 

K  =  |exp  /  p?,  j/ <o  -j-  Atio  tg  8  j  -f-  fl,  j  |  . 

(1.41) 


Transient  responses  of  strip  lines.  Distortions  of  pulses. 

Transient  response  of  strip  line  with  continuous  dielectric 
filling  between  bands  must  be  obtained  taking  into  account  lead  loss 
and  dielectric. 

Page  34. 

For  the  transmission  of  nanosecond  pulses  the  line  must  be 
residual/remanent  wide-band,  and  therefore  the  region  of  the 
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frequencies  interesting  us  includes  high  frequencies  to  value  on  the 
order  of  10  GHz.  Just  as  in  coaxial  cable,  at  frequencies  on  the 
order  of  1-3  GHz  losses  in  the  dielectric  prove  to  be  commensurate 
with  the  lead  loss,  and  at  the  higher  frequencies  they  considerably 
exceed  them. 

Using  expression  for  transmission  factor  (1.41),  we  will  obtain 
following  formula  for  computing  transient  response  of  strip  line: 

dr  j  ,4" 

—00 

=  J_M _ = - -r— ,  (1.42) 

2 *  J  i«  exp  (Si  +  j4,co  tg  i  •+•  /B,y  «]/ 

—00 

where  /i==/ — L~t  —  ta,  ta  -  delay  time  of  pulse  with  passage  along  line. 

However,  loss  tangent  in  dielectric  tg  5  usually  depends  on 
frequency,  which  complicates  expression  (1.42). 

Let  us  examine  first  transient  response  of  strip  line  without 
taking  into  account  losses  in  dielectric.  This  case  is  of  interest 
when  space  between  the  bands  is  filled  with  air. 

For  considerable  reduction  in  line  losses  it  is  expedient  to 

utilize  strip  line,  whose  central  strip  is  arranged/located  on  thin 

sheet  of  dielectric,  fastened/strengthened  along  edges  between 

external  bands  with  the  aid  of  rigid  supports  (Fig.  1.9).  Here 

central  strip  consists  of  the  metallic  coatings,  plotted/applied  from 
both  sides  of  dielectric  sheet. 
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Fig.  1.9.  Strip  line  with  central  strip  on  dielectric  sheet. 
Page  35. 


If  both  central  strips  are  connected  in  parallel  at  input  and  output 
of  line,  then  electric  field  will  exist  only  in  the  air  gaps  between 
each  central  strip  and  corresponding  external  grounded  band.  In  this 
case  only  the  small  part  of  the  dielectric  sheet  will  be  in  the 
fringing  field  of  central  strip.  In  the  case  of  applying  the  low-loss 
dielectric  (polystyrene.  Teflon  glass,  etc.)  of  loss  in  it  due  to  the 
edge  effect  they  will  be  small  and  the  resulting  line  losses  will  be 
in  essence  determined  by  lead  loss. 


In  this  case  for  transmission  factor  of  line  instead  of  (1.41)  we 
will  obtain  approximation 


K  = 


e  ' 


(1.43) 


where  B*Bi/2. 


Let  us  record  transmission  factor  in  operational  form: 

K(p)  =  e 


Transient  response  of  line  in  this  case  is  found  from  following 
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converted  through  Laplace  function: 

-jK(p)  =  -y 


original  of  which  is  expression 


where  “  function  of  Kramp  [transliterated];  t,  =  t 


Fig.  1.10  gives  transient  responses  of  strip  lines  length  of  1  m, 
made  from  copper  strips  with  thickness  of  central  strip  0.1  mm. 
Unbroken  curves  represent  the  transient  responses  of  lines  with  a  wave 
impedance  of  50  ohms  with  the  values  of  the  transverse  size/dimension 
of  h*l?  2.5  and  5  mm.  The  transient  responses  of  lines  with  a  wave 
impedance  of  75  ohms  with  the  same  values  of  h  are  represented  by 
dotted  curves. 

Page  36. 

As  can  be  seen  from  this  figure,  slope/transconductance  of 
initial  section  of  transient  response  of  strip  line  depends 
substantially  on  distance  between  central  and  external  strips  h.  With 
an  increase  in  this  distance  mutual  conductance  grows/rises,  since 
lead  loss  decrease  and  the  broad-band  character  of  line  increases. 

Line  with  a  wave  impedance  of  75  ohms  has  high  losses,  and  the 
slope/transconductance  of  its  transient  response  is  less  than  in  line 
with  a  wave  impedance  of  50  ohms. 
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Fig.  1.11  gives  transient  responses  of  strip  lines  with  wave 
impedance  of  50  ohms  with  length  of  10  m  with  values  of  h=l;  2.5  and  5 
mm.  In  the  same  figure  of  dotted  curve  is  represented  the  transient 
response  of  cable  RK-50-11-13,  which  has  the  wave  impedance  of  50 
ohms.  The  diameter  of  the  external  conductor  (braid/cover)  of  this 
cable  is  equal  to  11  mm.  As  is  evident,  the  slope/transconductance  of 
the  transient  response  of  cable  is  considerably  less  than  the 
slope/transconductance  of  the  transient  response  of  strip  line 
approximately  with  the  same  transverse  size/dimension  (curve  for  h=5 
mm  Fig.  1.11) . 
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Fig.  1.10.  Transient  responses  of  strip  line  with  length  of  1  m  with 
wave  impedance:  -  50  ohms, - 75  ohms. 

Page  37. 

It  is  necessary  to  note  that  the  transient  response  of  cable  is 
constructed  taking  into  account  lead  loss  and  dielectric. 

With  increase  in  distance  between  central  and  external  strip  h 
for  retaining/maintaining  constancy  of  assigned  wave  impedance  it  is 
necessary  to  increase  width  of  central  strip  D.  This  fact  leads  to 
the  need  for  increasing  the  width  of  external  strips  D,«.  which  must  be 
equal  to  +4 h. 

Thus,  if  we  consider  losses  only  in  conductors  of  strip  line, 
then  its  transient  response  will  have  considerable 
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slope/transconductance.  At  the  length  of  line  1  m  and  is  less  it  is 
possible  to  transmit  by  it  without  the  distortion  pulses  with  duration 
about  0.1  ns. 

If  would  be  required  even  wider-band  line  for  transmission  of 
low-power  pulses,  then  for  this  it  is  possible  to  utilize  strip  line 
with  strips  in  the  form  of  thin  metallic  films.  Thus,  in  the  line, 
whose  construction/design  is  given  to  Fig.  1.9,  central  strip  and 
external  bands  it  is  possible  to  fulfill  in  the  form  of  the  finest 
metallic  films,  whose  thickness  is  equal  to  the  depth  of  penetration 
of  electromagnetic  waves  into  the  metal  at  the  greatest  frequency  of 
the  region  of  the  frequency  spectrum  interesting  us. 
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Fig.  1.11.  Transient  responses  of  strip  lines  with  length  of  10  m 
with  wave  impedance  of  50  ohms  and  transverse  sizes/dimensions  h*l; 
2.5  and  5  mm  (solid  lines)  and  cable  RK-50-11-13  (dotted  line)  the 
same  length. 

Key:  (1).  ns. 

Page  38. 

Then  in  this  band  of  frequencies  of  the  loss  in  the  metal  will  not 
depend  on  frequency,  i.e.,  pn=const. 


Attenuation  of  wave  amplitude  during  its  penetration  into  metal 
up  to  distance  of  d  will  be  determined  by  exponential  function  e~w, 
where 


1= 


With  attenuation  of  wave  amplitude  on  3  dB  wave  will  cover  a 


distance 


<o  U 
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,  0,35  _  180 

d #  =  -T-  ss  — =, 

«  V  /«»KC «|*T 

where  /M>K c  -  maximum  frequency  of  interesting  us  spectrum; 

o  -  conductivity; 

nr  -  relative  magnetic  permeability. 

For  copper  conductors  at  maximum  frequency  of  spectrum  /M«Kc=lO 
GHz  depth  of  penetration  is  approximately  equal  to  0.25  n.  This  strip 
line  would  have  ideal  frequency  and  phase  responses  in  the  frequency 
region  indicated  and  would  be  the  wide-band  attenuator,  which  weakens 
equally  all  components  of  pulse  spectrum. 

However,  in  the  case  of  transmission  of  comparatively  powerful 
nanosecond  pulses  constructions/designs  examined  can  prove  to  be 
unacceptable.  Furthermore,  line  with  the  rigidly  fixed  dielectric 
sheet  in  the  center  at  its  comparatively  large  length  will  be 
inconvenient.  Therefore  strip  line  with  the  continuous  filling  with 
elastic  dielectric  is  more  convenient  and  more  universal 
construction/design.  This  line,  as  coaxial  cable,  can  be  if  necessary 
convoluted  into  the  bay  and  designed  for  the  transmission  of  the 
pulses  of  a  comparatively  large  power. 

For  computing  transient  response  of  this  line  it  is  necessary  to 
turn  to  expression  (1.42). 

Page  39. 


If  line  has  continuous  polyethylene  filling,  then  according  to  (1.12) 


DOC  -  88076703 


PAGE  ^ 


we  have 


tgs  = 


a,  V  <* 

I  -f-  mu> 


and  then  instead  of  (1.42)  ve  will  obtain  the  expression 


_  e>Ktdo> _ 

exp  +  + 

(1.45) 


where  At=j4,a,  =  3-10-,T  sec VJ/radV2  *m. 


Since  direct  computation  of  transient  response  according  to 
formula  (1.45)  causes  considerable  difficulties,  then  computation,  as 
in  the  case  of  coaxial  cable,  they  are  conducted  by  grapho-analyt ic 
method  (see  S  1.1). 

Fig.  1.12  gives  graphs/curves  of  transient  responses  of  strip 
line  from  copper  strips  with  thickness  of  central  strip  0.1  mm  with 
continuous  polyethylene  filling.  Line  has  a  wave  impedance  of  50  ohms 
and  sizes/dimensions  of  D=3.5  mm,  h=2.5  mm.  Calculations  are  carried 
out  for  the  line  by  length  1;  5  and  10  m. 
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Fig.  1.12.  Transient  responses  of  strip  lines  with  dielectric  filling 
from  polyethylene. 

Key:  (1).  ns. 

Page  40. 

If  we  compare  these  transient  responses  with  the  transient  responses 
of  line  (with  the  same  sizes/dimensions  of  d,  D,  h  and  /),  given  in 
Fig.  1.11  (curve  for  h=2.5  mm),  then  it  is  easy  to  note  the  large 
difference  in  the  slope/transconductance  of  transient  responses.  The 
presence  of  dielectric  filling  leads  to  a  considerable  increase  of  the 
total  line  losses,  which  decreases  its  broad-band  character. 

Just  as  in  the  case  of  coaxial  cable,  it  is  possible  to  construct 
graph/diagram  of  dependence  of  bandwidth  of  strip  lines  on  its  length 
for  different  values  of  transverse  size/dimension  of  h.  Using 
expression  for  the  transmission  factor  (1.41),  we  find  its 
modulus /module  l  K  |  and  expression  for  dependence  of  phase  shift  on 
frequency  A<p(u): 
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in=[e*p(s,/;+^V]".  f'-46’ 

A<p(<o)  =  /£,/< O.  (1.47) 

Fig.  1.13  gives  dependences  of  bandwidth  of  strip  lines  with  wave 
impedance  of  50  ohms  on  their  lengths  /,  calculated  according  to 
formula  (1.46).  The  cut-off  frequency  of  passband  corresponds  to  the 
frequency,  at  which  the  modulus  of  transmission  factor  decreases  on  3 
dB  relative  to  values  at  the  low  frequencies.  Its  broad-band 
character  grows/rises  at  a  small  length  of  line  and  the  specific 
significance  of  the  losses  in  the  dielectric,  whose  value  does  not 
depend  on  the  transverse  size/dimension  of  line  h,  becomes  more,  but 
it  grows/rises  with  an  increase  in  the  frequency.  Therefore  with  the 
low  values  /  curves  are  arranged/located  more  clpsely  than  at  the 
large  length  of  line. 

Calculation  of  transient  responses  on  the  basis  of  expression 
(1.45)  is  connected  with  cumbersome  calculations,  and,  furthermore, 
absence  of  their  resultant  analytical  expression  does  not  make  it 
possible  to  record  shape  of  pulse  at  output  of  line  with  assigned 
expression  for  input  pulse.  Therefore,  as  in  the  examination  of  the 
characteristics  of  coaxial  cable,  it  is  expedient  to  introduce  the 
approximate  analytical  expression  of  the  transient  response  of  strip 
line,  which  considers  losses  both  in  the  conductors,  and  in  the 
dielectric. 


Page  41. 
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Similar  to  formula  (1.22)  for  the  transient  response  of  strip  line  it 
is  possible  to  record  the  following  expression: 

,*(/,.  /)=l-4*(^).  (1.48) 


Here  coefficient  Dn,  is  located  through  the  resulting  line  loss  at  the 
cut-off  frequency  of  passband  /„,  at  the  assigned  length  of  line  and 
transverse  size/dimension  h: 


Br\>  —  BlTV\/  2  — 


£rp^2  gfp 

rp  K«frp 


(1.49) 


Attenuation  pn,  is  determined  by  sum  of  attenuations  purp  and 
fW.  which  are  located  at  frequency  fn<  according  to  expressions  (1.34) 
and  (1.38). 


* 
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Fig.  1.13.  Dependences  of  cut-off  frequency  of  passband  of  strip 
lines  with  wave  impedance  of  50  ohms  on  length  of  line  with  its 
different  transverse  sizes/dimensions. 

Key:  (1).  MHz. 

Page  42. 

In  Fig.  1.12  small  circles  noted  values  of  transient  response  of 
strip  line  with  length  of  5  m,  calculated  by  approximation  formula 
(1.48).  As  is  evident,  this  transient  response  differs  little 
(especially  in  its  initial  part)  from  the  transient  response,  obtained 
by  grapho-analytic  method  on  the  basis  of  expression  (1.45).  It 
follows  from  the  verifying  calculations  that  at  the  length  of  line 
2-10  m  it  is  possible  to  use  formula  (1.48). 


If  analytical  expression  of  transient  response  of  line  with 
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continuous  dielectric  filling  is  known,  then  it  is  possible  to 
rate/estimate  distortion  of  shape  of  nanosecond  pulses  during  their 
transmission  along  this  line.  Using  the  method  of  imposition,  on  the 
basis  of  expression  (1.48)  it  is  easy  to  find  the  distortion  of  square 
pulse  by  duration  t„.  Expression  for  the  pulse,  which  passed  distance  / 
along  the  line,  in  this  case  can  be  represented  in  the  form 

Umux  /,  M  ^A(tul)-A  (/,  +  /„,  /).  (1.50) 


If  pulse  edge  has  final  duration  and  increases  according  to 
linear  law,  then  distortion  of  front  can  be  determined  on  form  of 
output  voltage/stress,  obtained  with  the  aid  of  Duhamel  integral  and 
formula  (1.48)  with  input  voltage,  assigned  in  the  form  un(t)=kt,  where 
k=const . 


Output  voltage/stress  is  determined  by  expression 

t 

«.u*  (/„  /)  =--  «BX  (0  <4  (0)  +  (t  -  5)  A'  (;)  d\  = 


Bl 

-  rp 

—~\f  lLe  4,<  . 

3rp /  V  #  C 


(1.51) 


Thus,  with  the  aid  of  formulas  (1.48),  (1.51)  and  method  of 
imposition  it  is  possible  to  determine  distortions  of  shape  of  pulse, 
transmitted  by  strip  line. 


Page  43. 
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1.5.  EFFECT  OF  HETEROGENEITIES  ON  THE  CHARACTERISTICS  OF  LINE. 


Examining  characteristics  of  lines,  we  assumed  lines  uniform  and 
those  ideally  coordinated  with  resistor/resistance  of  generator  at 
input  of  line  and  with  load  at  output.  However,  during  the 
transmission  of  the  nanosecond  pulses  (especially  with  the  duration  of 
the  order  of  nanosecond  and  less)  are  manifested  the  relatively  small 
heterogeneities  of  the  transmitting  circuit.  In  the  circuit  of 
transmission,  besides  strictly  line,  are  usually  included  also  input 
and  output  couplings,  different  terminations  and  matching  transitions. 

Real  uniform  line  has  some  heterogeneities,  which  can  be 
named/called  internal  heterogeneities.  Thus,  in  the  case  of  coaxial 
cable  its  wave  impedance  in  the  individual  sections  somewhat  changes 
in  view  of  insignificant  changes  in  the  transverse  sizes/dimensions  of 
conductors.  In  the  cable  changes  in  the  form  of  conductors  or 
heterogeneity  of  dielectric  filling  can  be  observed.  Just  as  in  the 
technology  of  shf/SVCh,  in  the  nanosecond  technology  it  is  necessary 
to  consider  the  possibility  of  the  onset  in  the  two-wire  circuit  of 
the  waves  of  the  highest  types,  whose  appearance  is  connected  with  the 
presence  in  it  of  heterogeneities. 

As  is  known,  for  oscillations  of  highest  types  lines  of  force  of 
electrical  and  magnetic  fields  are  not  perpendicular  to  direction  of 
propagation  of  waves,  but  phase  speed  depends  on  frequency.  For  each 
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type  of  oscillations  there  is  a  specific  critical  frequency.  The 
transmission  of  vibrational  energy  of  highest  type  with  the  frequency 
below  critical  proves  to  be  impossible,  since  fields  rapidly 
attenuate.  Th*e  waves  of  the  highest  types  can  exist  in  the  line 
during  the  transmission  of  such  high  frequencies,  when  wavelength  the 
line  commensurate  with  the  transverse  sizes/dimensions  becomes. 

Page  44. 

Thus,  for  coaxial  cable  critical  frequency  for  the  waves  of  the  typelX 
those  is  determined  by  formula  [4]s 

_ 1c 

«(/)  +  </)  V^r  ’ 

but  for  the  waves  of  the  type  TM 

where  c=3*10*  m/s  -  speed  of  light; 

D  and  d  -  diameters  of  external  and  internal  conductors; 
er  -  relative  dielectric  constant  of  dielectric. 

If  in  line  is  certain  heterogeneity,  for  example  stepped 
variation  in  sizes/dimensions  of  conductors  (Fig.  1.14a),  then  in  area 
of  heterogeneity  distortion  of  field  occurs  and  oscillations  of 
highest  types  are  possible.  This  phenomenon  is  most  noticeable  at  the 
high  frequencies.  The  part  of  the  energy  of  high-frequency  pulse 
component  is  expended  on  the  oscillations  of  the  highest  types.  As  a 
result  the  shape  of  the  pulse,  transmitted  by  the  line  with  the 
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heterogeneity,  will  be  distorted.  The  greater  the  sections  of 
heterogeneity,  the  greater  the  distortion  of  pulse.  If  it  is 
necessary  to  pass  from  the  sections  of  coaxial  line  with  some 
transverse  sizes/dimensions  to  the  sections  with  other 
sizes/dimensions,  after  preserving  in  this  case  the  constancy  of  wave 
impedance,  then  this  transition  is  fulfilled  by  smooth,  and  the  length 
of  transition  must  be  several  times  of  more  than  the  diameter  of 
external  conductor. 

If  in  line  is  heterogeneity  in  the  form  of  stepped  variation  in 
transverse  sizes/dimensions,  for  example,  in  strip  line  or  line, 
formed  by  parallel  plates  (Fig.  1.14b),  then  its  action  on  shape  of 
transmitted  pulse  can  be  represented  by  action  of  certain  shunt 
capacitance  Ca  (Fig.  1.14c),  switched  on  in  that  place,  where 
heterogeneity  of  line  is  located.  The  value  of  this 
capacity/capacitance  depends  from  the  relation  of  the  transverse 
sizes/dimensions  of  line  to  heterogeneity  hi  and  in  the  place  for 
heterogeneity  ha,  i.e.,  Ca  =  f(£')  [14, 15].  Dependence  C3  =  f  is  given 

in  Fig.  1.15. 
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Fig.  1.14.  Transmission  line  with  stepped  heterogeneity  (a,  b)  and 
with  equivalent  capacity/capacitance  (c). 

Page  45. 

If  line  is  filled  with  uniform  dielectric,  then  the  value  of 
capacity/capacitance  must  be  multiplied  by  the  value  of  the  relative 
dielectric  constant  of  dielectric. 


In  the  case  of  coaxial  line  value  of  equivalent 
capacity/capacitance  can  be  determined  by  expression  [14,  15] 


2  r.rC3 


(1.52) 


Here  capacity/capacitance  c^0  is  the  function  of  the  ratio  of  a 
difference  in  the  radii  of  conductors  to  heterogeneity  hi  to  a 
difference  in  the  radii  of  conductors  in  the  place  for  heterogeneity 
h,  and  is  determined  on  the  curve,  given  in  Fig.  1.15.  The  value  of 
radius  r  depends  on  the  form  of  stepped  heterogeneity. 


If  stepped  heterogeneity  appears  only  due  to  change  in  diameter 

of  external  conductor,  then  r=rlf  where  r*  -  radius  of  internal 
conductor  of  line. 
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transverse  sizes/dimensions  of  line. 
Key:  (1).  pF/cm. 
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If  heterogeneity  is  formed  only  due  to  a  change  in  the  diameter  of 
internal  conductor,  then  r=r,,  r,  -  radius  of  external  conductor. 
With  a  simultaneous  change  in  diameters  of  both  conductors  the 
capacity/capacitance  is  calculated  from  the  formula 


C,„-2.f,C>(A)  +  2^,C0(4;-),  (1.52a) 

where  value  r',,  r"  , ,  hx,  h,,  hx  are  shown  in  Fig.  1.16. 


Knowing  equivalent  capacity/capacitance  C3  (or  C3K)  and  effective 
resistance  R  of  line  in  place  for  heterogeneity,  it  is  possible  to 
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approximately  rate/estimate  distortion  of  transmitted  pulse  due  to 
heterogeneity.  In  this  case  is  examined  the  distortion  due  to  the 
equivalent  rc3-c ircuit.  Effective  resistance  in  the  place  for 
heterogeneity  R  is  the  resistor/resistance  of  the  parallel-connected 
resistors/resistances  and  p,,  where  px  -  output  resistance  of  the 
section  of  line  to  the  heterogeneity,  px  -  input  resistance  of  the 
section  of  line  after  the  heterogeneity.  Thus,  the  time  constant  of 
the  circuit 


This  simplified  evaluation  of  effect  of  heterogeneity  on  shape  of 
pulse  occurs  in  the  range  of  high  frequencies,  when  wavelength  still 
is  somewhat  more  than  greatest  transverse  size/dimension  of  line,  and 
also,  if  distance  between  heterogeneities  is  not  too  small,  i.e.,  in 
the  absence  of  mutual  interaction  between  heterogeneities  [16]. 

Sometimes  heterogeneities  in  lines  (random  or  specially  formed) 
present  for  waves  propagated  in  cable  effective  resistance. 
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Fig.  1.16.  Line  with  stepped  heterogeneity. 

Page  47. 

In  these  cases  in  the  area  of  heterogeneity  although  occurs  the  wave 
reflection,  reflection  coefficient  does  not  depend  on  frequency  and 
therefore  the  shape  of  the  transmitted  pulse  is  not  distorted,  but  is 
observed  only  a  change  in  its  amplitude. 

Besides  internal  heterogeneities  of  line  usually  are 
heterogeneities  at  input  and  output  of  line.  In  the  real 
constructions/designs  of  couplings,  for  example  for  coaxial  cables, 
already  at  frequencies  of  1-3  GHz  the  standing-wave  ratio  in  the 
voltage/stress  noticeably  differs  from  one.  If  the  heterogeneity 
introduced  at  the  ends/leads  of  the  line  has  reactive/ jet  or  complex 
character,  then  the  coefficient  of  reflection  of  waves  depends  on 
frequency,  which  leads  to  the  distortion  of  the  shape  of  the  pulse 
transmitted  by  the  circuit. 

Important  value  for  undistorted  transmission  of  pulses  has 
quality  of  agreement  of  line  with  resistance/resistor  of  load  and 
generator.  During  the  transmission  of  the  pulses  of  nanosecond 
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duration  the  effect  even  of  the  low  parasitic  reactance,  which  occur 
in  the  simplest  constructions/designs  of  resistive  loads,  is 
noticeable.  The  most  successful  simple  construction/design  is  washer 
effective  resistance.  In  this  case  washer  load  must  be  assembled  at 
the  end/lead  of  the  coaxial  line  strictly  perpendicular  to  its  axis. 

In  the  nanosecond  technology,  just  as  in  the  technology  of  shf/SVCh, 
find  use  conical  type  load  resistors/resistances  with  the  special 
coating. 

During  evaluation/estimate  qualities  of  line,  intended  for 
transmission  of  long  pulses  and  following  with  high  frequency,  usually 
are  turned  to  frequency  characteristics  of  steady  state.  During  the 
evaluation/estimate  of  the  distortions  of  nanosecond  pulses,  produced 
according  to  the  frequency  characteristic  line  with  the 
heterogeneities,  which  is  found  in  steady  state,  it  is  possible  to 
obtain  inaccurate  results.  It  is  here  necessary  to  consider  that  the 
duration  of  nanosecond  pulse  can  be  much  less  than  the  transit  time  of 
pulse  along  the  line  and  much  less  than  the  spacing  between  pulses. 

Actually,  in  the  case,  when  pulse  duration  is  less  than  time  of 
its  transmission  along  line,  pulse  is  propagated  in  the  absence  of 
waves,  which  appear  with  multiple  reflection  from  end/lead  of  line  or 
from  internal  heterogeneities. 

Page  48. 

The  transmission  lines,  which  have  heterogeneities  at  the  ends/leads 
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and  internal  heterogeneities,  are  characterized  by  the  specific 
phenomena,  called  "counterflow"  and  "wake  current".  These  phenomena 
consist  in  the  fact  that  after  pulse  advancing  in  the  line  (from  its 
end/lead  at  the  beginning  and  in  the  opposite  direction)  the  parasitic 
oscillations,  which  are  the  sum  of  the  pulses,  repeatedly  reflected 
from  the  heterogeneities,  are  propagated.  Parasitic  pulse  streams 
manage  to  attenuate  with  the  large  porosity  of  main  impulses,  without 
causing  the  distortions  of  the  transmitted  pulses. 

In  connection  with  this  quality  of  line  of  transmission  of 
nanosecond  pulses,  which  contain  heterogeneities,  is  expedient  to 
evaluate  according  to  pulse  transient  responses,  obtained 
experimentally  on  oscillographic  installations  with  the  aid  of 
sounding  pulse  of  very  short  duration  (Chapter  11).  This  installation 
makes  it  possible  to  observe  and  to  measure  the  pulses  echo  from  the 
heterogeneities,  that  gives  the  possibility  to  determine  also 
character  and  the  value  of  heterogeneity  and,  consequently,  also  the 
reflection  coefficient.  Thus  are  located  the  fundamental 
characteristics  of  line,  according  to  which  it  is  possible  to 
correctly  rate/estimate  the  distortions  of  nanosecond  pulses. 


1.6.  THE  HELIXES  OF  TRANSMISSION. 


Coaxial  and  strip  transmission  lines  are  sufficiently  wide-band 
systems,  since  constraint  of  their  passband  is  associated  only  with 
lead  loss  and  dielectrics.  However,  these  lines  under  the  condition 
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of  the  absence  of  the  oscillations  of  the  highest  types  have  low  wave 
impedance.  Furthermore,  delay  per  unit  of  length  in  them  is  small. 
Therefore,  if  the  high  line  characteristic  of  transmission  is  required 
and  considerable  pulse  delay,  it  is  expedient  in  a  number  of  cases  to 
utilize  helixes  of  transmission. 

Most  widely  used  construction/design  of  helix  is  spiral  conductor 
that  placed  within  cylindrical  screen/shield.  Fig.  1.17  shows  the 
cable  of  delay  with  the  spiral  internal  conductor. 

Page  49. 

The  distinctive  special  feature  of  helix  is  its  considerable  linear 
inductance,  which  reaches  sometimes  several  millihenry  to  the  meter, 
which  exceeds  the  inductance  of  usual  coaxial  cable  into  thousands  of 
t imes . 

Presence  of  spiral  causes  appearance  of  longitudinal  magnetic 
field,  directed  along  axis  of  line;  therefore  sharply  grows/rises 
overall  magnetic  field  and  respectively  increases  inductance  per  unit 
of  length.  In  view  of  this  the  helix  possesses  high  wave  impedance 
and  large  linear  delay.  Furthermore,  changing  along  the  line  spiral 
pitch,  it  is  easy  to  obtain  non-uniform  circuit  of  transmission,  which 
is  conveniently  utilized  for  impedance  matching  at  output  and  input  of 
line,  for  the  transformation  of  the  voltage/stress  of  pulses. 


From  theoretical  studies  of  helixes  are  known  expressions  for 
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determining  of  inductance,  capacity/capacitance  of  line,  and  also 
specific  phase  distortions  of  line  [4,  17-20]. 

Fundamental  parameters  and  characteristics  of  helix. 

For  evaluation/estimate  of  properties  of  helixes  as  transmission 
systems  and  delay  of  nanosecond  pulses  let  us  examine  their 
fundamental  parameters  and  characteristics. 

Internal  spiral  conductor  can  be  circular  or  flat/plane 
(strip/tape).  High-frequency  dielectric  usually  is  placed  between  the 
spiral  and  the  cylindrical  screen/shield.  Fig.  1.18  depicts  the  turn 
of  flat/plane  spiral  in  the  expanded/scanned  form. 
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Fig.  1.17.  Fig.  1.18. 

Fig.  1.17.  Cable  of  delay  with  internal  conductor  in  the  form  of 
spiral:  a)  central  rod;  b)  internal  conductor;  c)  dielectric;  d) 
external  conductor  (braid/cover);  e)  external  insulation. 

Fig.  1.18.  Turn  of  flat/plane  spiral. 

Page  50. 

Total  current  of  internal  wiring  I  can  be  decomposed  on  two 
components:  I,  -  axial,  directed  in  parallel  to  the  axis  of  line,  and 

I* -  tangential,  directed  in  parallel  to  tangent  toward  the 
circle/circumf erence  of  cross  section  of  internal  wiring.  Component 
I,  creates  transverse  magnetic  field  H?  ,  while  component  creates 
longitudinal  field  h„  Due  to  longitudinal  field  H,  is  reached  the 
necessary  effect  of  loading  of  cable;  however,-  simultaneously  occurs 
an  increase  in  the  effective  resistance  of  cable  due  to  the  eddy 
current  losses,  created  in  the  conductors  of  cable  by  field  H,.  This 
increase  in  the  losses,  as  is  known,  leads  to  reduction  in  the 
slope/transconductance  of  the  transient  response  of  line  and  it  is  a 
deficiency  in  the  line  of  transmission  of  nanosecond  pulses. 


I 
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Total  value  of  linear  effective  resistance  of  Rf  inductance  L,  of 
capacity/capacitance  of  C  and  conductivities  G  of  helix  are  determined 
according  to  approximations  [4]: 


R  =  8,35  •  1 0-*  ■— 


(£-y™  \om  i 

- - - Jct^  M' 

(i-53) 

L=l ctg^[^]’  (1'54) 

c=-iTT^V 

G  =  <uCt&s^W^r]’ 


(1.55) 

(1.56) 


Key:  (1).  ohm.  (2).  H.  (3).  F/M.  (4).  0*m. 


where  D  and  d  -  diameters  of  external  and  internal  conductors,  cm; 
<p  -  angle  of  ascent  of  spiral,  deg. 

Wave  impedance  of  helix  is  determined  by  expression 

Mi-  (1-57) 

and  delay  time  per  unit  of  length  is  equal 


/aQ=i/Zr  =  -^-l/  ctg»g,  (1.58) 

80  *  ^  3*  10*  V  2  (D;d)‘  In  D,d  c  & 


Attenuation  of  line,  as  usual,  is  determined  by  expression 


Page  51. 
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Attenuation  of  cable  due  to  lead  loss  strongly  grows/rises  with 
decrease  of  helix  angle  <p.  At  the  preset  angle  <p  attenuation  length 
■<„  has  a  minimum  with  specific  relationship  D/d.  If  it  is  necessary 
to  obtain  line  with  the  maximum  value  of  delay  tJ0,  then  minimum 
attenuation  'i„  will  occur  when  -^---1,8,  while  if  it  is  necessary  to 
obtain  line  with  the  maximum  wave  impedance,  then  minimum  attenuation 
will  begin  when  2,7. 

In  the  case  of  applying  as  internal  conductor  round  conductor 
attenuation  p„  will  prove  to  be  more  than  in  the  case  of  replacing 
conductor  by  flat  wire,  approximately  to  15-25%. 

Distortions  of  pulses  during  the  transmission  along  the  helix. 

In  helix  besides  ohmic  losses  phase  distortions,  which 
substantially  determine  resulting  broad-band  character  of  line,  have 
most  important  value.  Phase  distortions  appear  at  the  high 
frequencies  as  a  result  of  change  in  the  inductance  with  the  frequency 
and  effect  of  distributed  capacitance  between  adjacent  turns. 

Above  were  given  relationships/ratios,  obtained  on  the  assumption 
that  current  strength  along  axis  of  spiral  remains 

constant/invariable.  However,  if  frequency  5s  so/such  high,  that  the 
wavelength  in  the  spiral  in  the  axial  direction  is  commensurate  with 
the  diameter  of  spiral,  then  the  value  of  inductance  noticeably 
decreases.  At  such  current  frequencies  in  different  turns  of  spiral 
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differ  in  the  phase,  total  magnetic  flux  decreases  in  consequence  of 
which.  The  mutual  inductance  of  two  turns  with  an  increase  in  the 
frequency  can  even  change  sign.  The  dependence  of  inductance  on  the 
frequency  can  be  expressed  by  formula  [18] 

£-*>.  ("4)k.(t>  "-59» 

where  -  inductance  at  the  low  frequencies; 

Ja  (x)  and  K^x)  -  modified  functions  of  Bessel  of  the  first  and 
second  orders; 

d  -  diameter  of  spiral; 

X  -  wavelength  in  the  spiral  along  its  axis. 
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Under  condition  ird/X<l  it  is  possible  to  write  [19] 

r“‘-25(4r  )'•  ('•“» 

Delay  time  of  line  t3  will  also  decrease  with  increase  in 
frequency.  Fig.  1.19  for  the  helix  of  delay  gives  the  dependence  of 
delay  time  on  the  frequency  in  the  form  of  relation  t3/t3lt,  where  t3n  - 
delay  time  at  the  low  frequencies.  Along  the  axis  of  abscissas  is 
plotted  product  t3df//0,  where  l,  -  distance  between  the  turns  of  the 
spiral  (scale  it  is  obtained  in  the  relative  units). 

With  pulse  advancing  along  helix  of  delay  their  form  at  output  of 
line  is  determined  to  larger  degree  by  presence  of  phase  distortions, 
than  amplitude  (caused  by  dependence  of  attenuation  on  frequency). 
Phase  distortions  are  the  factor,  which  limits  the  transmission  of 
narrow  pulses  along  the  line,  and  can  serve  as  criterion  in  the 
evaluation/estimate  of  the  quality  of  the  helix  of  delay. 

It  is  possible  to  consider  that  those  high-frequency  components 
are  boundary,  which  cause  phase  divergence  (at  given  length  of  line) 
of  1/2  rad  larger  than  phase  divergence,  which  is  obtained  from 
condition  of  linear  phase  response  [20], 
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Let  us  assume  that  delay  time  per  unit  of  length  tJ0  at  high 
frequency  u  differs  from  delay  time  at  low  frequency.  Phase  error 
at  the  frequency  a>  at  the  output  of  line  by  length  l  must  not  exceed 
1/2  it  is  glad  in  such  a  case,  when  this  frequency  does  not  exceed  the 
permissible  cut-off  frequency.  Then,  disregarding  losses  in  the 
effective  resistance  of  line,  it  is  possible  to  record  the  equality 

“Wc  l  (ta,  —  ta, „)  —±:  1/2.  (1 .61) 
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Fig.  1.19.  Dependence  of  delay  time  on  frequency. 

Page  53. 

Let  us  assume  that  capacity/capacitance  of  C  does  not  depend  on 
frequency,  but  inductance  L  in  a  specific  manner  depends  on  frequency 
and,  if  one  considers  that  t30=/CC,  then  expression  (1.61)  is  reduced 
to  the  form 

£-')=- >/2.  (162) 


If  change  in  inductance  of  line  is  connected  with  phenomenon 
described  above,  then  in  formula  (1.62)  relation  i\ia  can  be  replaced 
with  expression  (1.60);  then 


when 


"wane  ‘  o  oh 


//</’V/3  o 
(-)  ~3 


u,M3HC^30l! 


4<v2. 


u) 


Hence  for  frequency 


we  obtain  following  expression; 
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3  A  2 1  2/3 

~  T^Ti  V  d  )  ' 


(1.63) 


With  the  aid  of  formula  (1.63)  is  determined  greatest  permissible 
signal  frequency  during  its  transmission  along  line  with  delay  t,=tJ0/ 
with  given  one  to  ratios  of  length  of  spiral  to  its  diameter.  During 
the  transmission  of  right-angled  pulses  with  a  duration  of  front  on 
the  order  30  ns  the  distortion  of  front  in  the  form  of  rounding  in  the 
upper  part  in  the  case  of  the  delay  is  observed,  beginning  with  0.6 
ns,  which  corresponds  to  the  length  of  line  of  approximately  3  m. 


Use  of  helixes  for  pulse  delay  of  nanosecond  duration  requires 
improvement  in  their  characteristics.  One  of  the  methods  of  the 
correction  of  phase  responses  is  based  on  the  application  of  series 
capacitor,  which  shunts  spiral.  As  a  result  of  correction  the 
effective  inductance  of  line  grows/rises  with  an  increase  in  the 
frequency. 


Line  with  corrective  capacity/capacitance  is  arranged  as  tollows. 
rnternal  insulating  rod  is  covered/coated  with  the  thin  conducting 
layer.  This  layer  is  cut  along  the  line  by  several  identical  bands. 
All  bands,  except  one,  are  grounded. 

Page  54. 

The  ungrounded  band  is  divided  into  the  series/row  of  plates  with  the 
specific  gap.  Entire  conducting  layer  is  covered/coated  with  the  thin 
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layer  of  insulation,  and  then  spiral  is  coiled. 

Capacity/capacitance  is  formed  between  grounded  and  ungrounded 
corrective  plates.  The  value  of  this  shunt  capacitance  can  change  via 
the  appropriate  selection  of  width  and  length  of  the  corrective 
plates,  and  also  the  thickness  of  insulation.  The  form  of  the  phase 
response  of  delay  line  can  to  the  known  degree  be  modified  in 
accordance  with  this.  At  the  high  frequencies  the  delay  time 
increases  with  the  increase  of  shunt  capacitance. 

With  specific  values  of  frequency  is  observed  mutual  compensation 
for  potentials,  induced  on  corrective  plate  by  current,  flowing  in 
different  turns  .of  spiral.  This  leads  to  the  appearance  of  maximums 
on  the  frequency  characteristic  of  delay  line.  The  application  of  the 
considerable  number  of  corrective  plates  is  necessary  for  the 
smoothing  of  the  form  of  frequency  characteristic.  The  smallest 
number  of  plates  is  determined  by  expression  [2] 

N  :==z  2t30f  Mai:c< 

where  /\,ili;r  -  maximum  frequency,  to  value  of  which  frequency 
characteristic  is  uniform. 

Fig.  1.20  gives  characteristics  of  helix  of  delay  (t,=0.9  us) 
without  correction  and  with  correction  (48  corrective  plates  [21]. 
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Fig.  1.20.  Dependence  of  delay  time  on  frequency  for  line:  1  - 
without  correction;  2  -  with  correction. 

Key:  (1).  ns.  (2).  MHz. 
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In  general  theory  of  helix  of  delay  with  shunt  capacitances 
relationships/ratios  for  determining  optimum  values  of  shunt 
capacitances  and  corresponding  sizes/dimensions  of  plates  are  given. 

Let  there  be  between  two  turns  of  spiral,  which  are  located  at  a 
distance  of  x  from  each  other,  shunt  capacitance  C'(x).  Let  us 
introduce  the  capaoity/capacitance  of  line  per  unit  of  length  relative 
to  earth/ground  C,  and  we  will  further  examine  dependence 
C(x)=C' (x)/C, .  The  problem  of  transit  time  correction  is  reduced  to 
the  selection  of  function  C(x),  which  corresponds  to  the  condition  of 
the  constancy  of  the  phase  speed  into  Lynn  for  different  frequencies. 

Investigations  showed  that  their  arrangement,  depicted  in  Fig. 
1.21  [21],  is  one  of  advisable  distributions  of  plates  of  shunt 
capacitance  along  turns  of  spiral.  For  this  case  function  C(x)  will 
be  recorded  as  follows: 
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(1.64) 


where  a  -  width  of  the  shunting  plate? 

g  -  ratio  of  the  total  capacitance  of  spiral  relative  to  the 
shunting  plates  to  the  capacity/capacitance  of  spiral  relative  to  the 
earth/ground  at  the  length  of  spiral,  equal  to  its  diameter; 

Cn  -  capacity/capacitance  between  one  turn  of  spiral  and  plate; 

/„  -  length  of  the  shunting  plate; 

-  spiral  pitch. 


Controlled  parameters  of  shunting  plate  are  g  and  /„. 
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Fig.  1.21.  Distribution  of  shunting  plates  along  spiral. 
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For  the  selection  of  these  values  it  is  possible  to  use  plotted 
function  F(z)  (Fig.  1.22),  which  is  Fourier  transform  function  C(x). 
For  the  selected  dependence  this  function  takes  the  form 


FW  =  g 


sin’  — 

ThJiZ)'  ]’ 


(1.65) 


where  -  phase  delay  for  the  section  of  line  by  the  length,  equal 

to  a  radius  of  spiral; 

v  -  phase  speed  in  the  line  at  frequency  f. 


Change  of  parameters  g  and  l„  in  expression  (1.65)  scale  plotted 
function  F(z)  along  axis  of  ordinates  and  axis  of  abscissas,  where 
along  coordinate  axes  are  plotted  values  on  logarithmic  scale  [21]. 


By  approaching  function  F(z)  to  graph/curve,  which  corresponds  to 
ideal  phase  of  corrections  (Acp,=0),  are  determined  parameters  of 
shunting  plates  at  this  band  of  frequencies  of  transmission  of  line: 
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(1.66) 


where  L„--  inductance  of  line  per  unit  of  length  at  low  frequency; 
2Wc  -  phase  delay  at  frequency  fMaKC- 


With  permissible  value  of  phase  distortions  A<Pi=0.05  rad  (A<pi  - 
phase  distortions  of  section  of  line  by  length,  equal  to  its  radius) 
optimum  will  be  values  g  and  h.  with  their  following  values: 

g=  3,5  S'i  =0,55. 

Key:  (1).  and. 
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Fig.  1.22.  Plotted  function  F(z). 
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During  calculations  of  line  it  is  necessary  to  consider 
fundamental  characteristic  of  line  -  product  of  delay  time  to 
bandwidth  of  line.  The  delay  time  of  line  by  length  /  at  low 
frequencies  tM  —  iv'TJT,  and  passband  is  determined  by  expression 
(1.66);  consequently,  the  product  of  delay  time  to  the  bandwidth  will 
take  form  z Mm<cAy  n  67) 

Using  given  formulas  and  graphs/curves,  it  is  possible  to 
calculate  helix  of  delay  for  this  passband  of  frequencies  when 
arrangement  of  shunting  plates  corresponds  to  that  given  in  Fig.  1.21 

Studies  of  helixes  of  transmission,  utilized  as  lines  of  delay 
and  transformers  of  nanosecond  pulses  [22,  23],  show  that  helixes 
noticeably  distort  edge  of  nanosecond  pulse  and  it  is  insignificant 
its  apex/vertex.  An  increase  in  the  duration  of  the  pulse  edge  is 
caused  by  high-frequency  distortions,  and  decay  in  the  apex/vertex  - 
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low-frequency.  With  an  increase  in  the  delay  time  of  line 
low-frequency  distortions  decrease,  and  high-frequency  increase.  The 
low-frequency  distortions  of  the  shape  of  pulse  are  explained  by  the 
fact  that  are  transmitted  only  those  components,  the  wavelength  of 
which  is  more  than  the  "electrical"  length  of  line.  For  the  pulse 
duration  into  several  nanoseconds  and  less  decay  in  the  pulse  apex 
proves  to  be  insignificant.  Ohmic  losses  and  phase  distortions 
grow/rise  with  an  increase  in  the  frequency.  It  follows  from  the 
experiments  that  the  lead  loss  of  line  and  dielectric  are  noticeable 
for  the  short  duration  of  the  front  (order  of  one  nanosecond  and 
less),  while  phase  distortions  they  are  developed  also  for  the 
duration  more  than  1  ns. 

If  for  retention/maintaining  of  edge  of  pulse  of  stringent 
requirements  it  is  not  presented,  then  as  line  of  pulse  delay  with 
duration  of  front  in  several  nanoseconds  can  be  used  standard  spiral 
radio-frequency  cables  of  delays,  whose  data  are  cited  in  “fable  1.3 
[4]. 


Helix  of  delay  usually  works  in  conditions  of  matched  load. 

Page  58. 

Sometimes  at  the  output  helix  must  be  coordinated  with  usual  coaxial 
cable.  A  precise  agreement  of  the  helix  of  delay  at  its  output 
presents  definite  difficulty.  Inductance  per  unit  of  length  in  the 
helix  with  the  insufficiently  good  correction  falls  in  the  direction 
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of  the  end/lead  of  the  line.  If  reflections  are  not  admitted,  then 
the  heterogeneities  of  circuit  must  be  removed  throughout  its  entire 
length.  For  this  purpose  it  is  necessary  to  use  special  transitions 
between  the  helix  and  the  line  o£  another  type.  In  the  technology  of 
the  electronic  devices  of  shf/SVCh,  which  use  circuits  in  the  form  of 
helix,  the  constructions/designs  of  transitions  from  the  helix  to 
usual  coaxial  cable  and  to  the  load  are  developed.  These 
constructions/designs  can  be  used  also  in  the  devices/equipment  of 
nanosecond  technology,  which  use  helixes  of  delay. 

1.7.  Transient  processes  in  the  waveguides  during  the  transmission  of 
nanosecond  radio  pulses. 

At  present  in  series/row  of  regions  of  radio  electronics  radio 
pulses  of  nanosecond  duration  increasingly  more  are  utilized.  In 
waveguide  trunk  lines  of  communications,  in  the  ultra-high-speed 
electronic  computers,  in  the  radio  systems  with  the  large  resolution 
the  nanosecond  radio  pulses  of  different  duration  are  used.  Radio 
pulses  are  very  successfully  utilized  by  a  duration  of  1-5  ns  for  the 
investigation  of  the  heterogeneities  of  different  waveguide  systems. 

In  connection  with  this  the  attention  to  the  study  of  transient 
processes  in  the  waveguides  for  the  evaluation/estimate  of  the 
distortions  of  nanosecond  radio  pulses  during  their  propagation  along 
the  waveguides  is  recently  turned. 
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Specific  character  of  transient  processes  in  waveguides.  Distortions 
of  right-angled  radio  pulses. 

Rate  of  establishment  of  transient  processes,  or 
slope/transconductance  of  transient  response  of  waveguides  as  other 
lines  of  transmission  of  nanosecond  pulses,  is  determined  by  character 
of  frequency  dependence  of  propagation  constant  7.  But  this  means 
that  the  character  of  transient  processes  is  defined  by  both  the 
frequency  dependence  of  attenuation  in  the  waveguide  and  by  its 
dispersive  characteristic.  Even  in  the  ideal  waveguide  the  most 
essential  possible  distortion  of  radio  pulses  due  to  the  specific 
dispersive  properties  of  waveguide. 


Let  us  examine  uniform  waveguide,  input  of  which  pulse 
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MO  F,  (1.68) 

where  Ft(t)  -  function,  which  presents  pulse  envelope,  enters; 
u,  -  carrier  frequency. 

Pulse,  which  passed  along  waveguide  distance  /,  is  expressed  by 
function  u,(/,  t ) . 

If  transmission  factor  of  waveguide  is  determined  by  expression 

7C  =  e_’7'=e"/(?+/“,1  (1.69) 

that  function  u2(/,  t)  can  be  found  with  the  aid  of  Fourier  integral: 

us  (/,  /)  =  j  S,  (<o)e/ 1“,,+“> '  ‘1dio,  (1.70) 

-00 

-  41 

where  Sjfcj)  -  spectral  function  of  envelope  of  launched  pulse  u2(t). 

In  contrast  to  cases  of  transmission  of  video  pulses  along  lii.e 
examined  above,  during  transmission  of  radio  pulse  with  carrier 
frequency  u,  expressions  for  components  of  propagation  constant  y , 
i.e.,  for  /3  and  a,  it  is  possible  to  approximate  by  finite  number  of 
members  of  Taylor  series. 

Page  60. 

These  values  in  the  frequency  region  in  question  vary  monotonically 
and  insignificantly,  and  therefore  it  is  possible  to  be  restricted  to 
the  first  three  terms  of  the  expansion: 

P  (“>»  +  ■)=?«  +  Pi®  +  P»®*» 

a  (u>0  -j-  (o)  =  a0  -f-  a,w  -f*  “t®1. 


(1.71) 

(1.72) 
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where  0O  and  a,  -  values  of  the  decay  constant  and  phase  at  the 
carrier  frequency  ut;  /3X  correspond  to  coefficients  in  a  linear 
change  in  the  values  with  the  frequency,  the  derivative  dx/du  in 
particular  gives  the  signal  velocity.  Coefficients  with  the  quadratic 
terms  will  be: 

ft  _ _Li!L 

P»“  2  do* 

*>0 

I  d»»  I 

a,—  2  * 


Derivatives  of  second  and  higher  order  must  determine  signal 
distortions.  Sometimes  the  above- indicated  coefficients  can  be 
determined  with  the  approximation  of  graphs/curves  for  P{co)  and  a(w), 
constructed  according  to  the  experimental  data. 

Let  us  first  examine  transmission  of  carrying  oscillation, 
modulated  by  function  F»(t),  which  is  single  drop/jump  in 
voltage/stress  l(t).  Let  us  record  transmission  factor  in  the  form  of 
the  function  of  the  complex  frequency  p=j«,  then 

£(;7)  =  e-T<i* 

Let  waveguide  be  ideal  (0=0),  which  has  propagation  constant, 
expressed  in  the  form  [24] 


where  <o„  -  critical  frequency  of  waveguide. 
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For  determining  signal  u2(/,  t)  at  certain  point  of  waveguide 
with  modulating  function  in  the  form  of  single  drop/jump  in 
voltage/stress  instead  of  expression  (1.70)  it  is  possible  to  use 
integral  of  Carson  [24],  who  in  this  case  is  written/recorded  in  the 
form 


exp 


pt— yV 


p— 


dp. 


(1.73) 


Here  the  duct/contour  of  integration  cr,  as  it  is  usually  accepted,  is 
passed  from  o--/oo  to  3 -)- / 00,  where  a  is  selected  from  the  conditions 
of  integration  on  the  complex  plane;  c  -  wave  propagation  velocity  in 
the  vacuum. 

Without  bringing  asymptotic  method  of  computing  integral  (1.73), 
presented  into  [24],  let  us  record  immediately  expression  for  basic 
part  of  signal,  which  proved  to  be  at  moment/torque  t  at  a  distance  1 
from  beginning  of  waveguide; 

«,  (/,  erfc  (jb  //  ),  (1 .74) 

y* 

where 

00 

erfc  (.v)  =  J  e-t’  d\. 

X 


Here  value  b  is  determined  by  the  expression 

b*—i  [—  «.  —  ]•  (1-75) 
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For  high  values  of  argument  it  is  possible  to  use  approximation 
for  erfc(x).  Thus,  if  b/tf  high  value  and  b  (value,  which  determines 
the  position  of  the  pole  of  the  integrated  function  on  the  complex 
plane)  lies/rests  above  real  axis,  then 

(1-76’ 

and  if  b  lies/rests  below  real  axis,  then 

1  e-bU  (1.77) 

«i(z‘  • 
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It  follows  with  modulating  function  in  the  form  of  single 
drop/ jump  in  voltage/stress  from  expressions  (1.74)-  1.77)  that  at 
point  of  waveguide  at  a  distance  l  from  it  it  began  signal  it  is 
absent  to  moment  of  time  =  to  arrival  of  initial  slowly 
increasing  part  of  function  u,{/,  t).  At  the  moment  of  time  tr  — — , 

Vt 

where  ur  ~  the  group  velocity,  signal  reaches  half  of  stationary 
amplitude,-  and  then  it  approaches  its  steady-state  value,  completing 
oscillations  about  this  value.  The  steepness  of  the  front  of  signal 
when  t  =  tT  is  determined  by  formula  [24] 


In  particular  it  is  apparent  that  slope/transconductance  s„  is 
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inversely  proportional  to  square  root  of  length  of  waveguide. 

Fig.  1.23  shows  signal  amplitude  envelope  02(/,  t),  constructed 
depending  on  product  SHflt  where  t,  =  t— tr-  It  is  expedient  along  the  axis 
of  abscissas  to  plot/deposit  product  S„t\,  but  not  value  tw  since 
graph/curve  is  universal,  suitable  for  the  different  waveguides 
(having  different  S„). 
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Thus,  from  case  of  transmission  of  signal  on  ideal  waveguide 
examined  it  follows  that  waveform  is  substantially  distorted  only  due 
to  dispersive  properties  of  waveguide.  The  steepness  of  the  front  of 
signal  decreases,  and  oscillations  are  observed  at  the  apex/vertex. 


For  real  waveguide  propagation  constant  y’  is  expressed  by  more 
complicated  dependence  and  depends  on  form  of  waveguide,  type  of 
propagated  waves,  and  also  on  surface  impedance  of  walls  Z„=R„+jX„, 
which  is  function  of  frequency.  In  this  case  the  transmitted  signal 
is  distorted  to  a  great  degree,  but  general/common  waveform  u,W,  t) 
is  close  to  that  shown  in  Fig.  1.23. 


Knowing  reaction  of  waveguide  to  signal  with  envelope  in  the  form 


of  function  of  single  drop/jump  in  voltage/stress  (1.74)  and  using 
superposition  principle,  it  is  possible  to  find  reaction  of  waveguide 
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to  square  pulse  by  duration  t„: 

ut  (/,  t,  /„)  =  «,(/,  /)-«.(*.  *  +  '..)•  (1-79) 

H 

If  we  use  concept  of  slope/transconductance  sa  according  to 
(1.78),  then  formula  (1.74)  becomes  standardized/normalized  complex 
range  of  Fresnel  from  S„  and  /,=/— tr.  If  at  moment/torque  t=0  to  the 
input  of  waveguide  ( / =0 )  is  given  radio  pulse  with  an  enveloping  in 
the  form  of  ideal  rectangular  video  pulse  duration  of  and  to 
moment/torque  *,=  i/vr  it  is  observed  the  front  of  the  radio  pulse, 
which  passed  distance  /  along  the  waveguide,  then  the  envelope  of 
output  pulse  can  be  determined  by  function  [24] 

/«) (S||/,  SJh). 
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Fig.  1.24.  oscillogram  of  envelope  of  rectangular  radio  pulse  at 
waveguide  output:  a)  with  b)  when 
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Fig.  1.24  depicts  values  of  function  [/,u, t  in  dependence  on 
product  5„(/— /„)  for  two  values  of  parameter  S„t„,  equal  to  6  and  0.4. 
For  longer  durations  of  pulses  (higher  value  SH/H)  they  to  a  certain 
extent  retain  their  initial  form,  but  the  slope/transconductance  of 
front  and  shear/section  decreases,  and  oscillations  are  observed  at 
the  pulse  apex.  With  decrease  S„lu  the  pulse  noticeably  is 
dilated/extended  in  the  time,  testing/experiencing  ever  larger 
distortions,  approaching  in  the  form  a  pulse  of  bell-shaped  form  with 
the  ghost  pulses. 


Distortions  of  the  radio  pulses  of  bell-shaped  form. 

During  generation  of  radio  pulses  with  duration  several 
nanoseconds  their  real  form  is  close  in  form  to  bell-shaped. 
Therefore  is  of  interest  the  investigation  of  transmission  on  the 
waveguide  of  nanosecond  radio  pulses  from  the  enveloping  Fj(t) 
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bell-shaped  form.  The  problem  of  the  determination  of  the  form  of 
output  pulse  here  is  solved  simpler  than  [25].  For  the  pulse  of 
bell-shaped  form  we  have 

F,(t)  =  e-n'\ 

S,  («»)  =  jAt//i  e  4"  .  (1.80) 

Duration  of  Gaussian  pulse  ta  will  be  further  determined  at  level 
0.1  of  its  amplitude  value.  Substituting  (1.71),  (1.72)  and  (1.80) 
into  formula  (1.70),  we  will  obtain  initial  expression  for  the  form  of 
the  output  pulse 

/)==2"vbfe~ire/<“*+‘,,,X 

X  {exp  [00+  ft®  4*  Pj“*  4*  /  (*.  +  *, “  +  a,®*)]  /}  - 1  du>.  (1.81) 

Condition  of  integrabil ity  (1.81)  can  be  recorded  as  /32 /+l/4n>0. 
Page  65. 

It  sets  limitation  on  the  maximum  value  of  length  l ,  if  /3 a  it  is 
negative,  expression  (1.71)  must  be  correctly  only  in  the  specific 
frequency  region,  in  which  must  be  satisfied  the  condition 

JexP  4-  4^)  “*4-  M]}  ,<1- 

Out  of  this  frequency  region  components  of  signal  must  have  very 
low  values.  Then  integral  (1.81)  can  be  calculated  [25].  The  real 
part  of  the  obtained  expression  gives  the  shape  of  the  unknown  pulse: 
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Re«a (/,  /,)  =  {/,(/,  /,) cos (Q/,  +  £/;  +  >,).  (1.82) 

where  /,  =  /  —  (*,/  =  /  —  J—=i  —  ta;  here  t,  -  delay  time  of  pulse,  determined 
by  the  lenqth  of  waveguide  and  by  group  velocity  on.; 


U.O.  /.)  = 


exp 


f-  M  +  » (1+  137  /*  - 1-\  -  8/i*p, «,/»/,  ) 

l  - 


(I  +  +  (4#,«s/>* 


10  +4/lM>,  +  (4na,l)*)^4 


Q  —  uj  2/i?,/ (1  +4nV) _ . 

8  (I  +  4/i?s/)1  +  (4hoj/)s 
*  4/i!a,( 


71«(a>0«i  — a0)/  — 


(I  +  4/i?s/)s  +  (4ii32/)2’ 
4/12j2?]>/s 


(I  +  4h?,/)*  +  (4/i«,/)‘ 
arg  [  1  4-  4/x,3j/  -f-  /4«aa/j. 


(1.83) 

(1.84) 

(1.85) 


(1.86) 


In  the  case  of  absence  of  dispersion  and  losses  in  waveguide 
solution  of  equation  for  u2(/,  t)  give  undistorted  form  of  launched 
pulse: 

Re  «,((,  /,)  =  ReK,(0- 


It  follows  from  solution  (1.82)  and  expressions  (1.83)-  (1.86) 
that  pulse  u2(/,  t,)  has  bell-shaped  form,  but  are  somewhat  sealed,  and 
its  maximum  is  displaced  relative  to  t2=0  (Pig.  1.24b).  Furthermore, 
occurs  the  frequency  modulation  of  the  carrying  oscillation,  since  the 
instantaneous  value  of  frequency  according  to  (1.82) 

<»«,(/,)  —  -|- t,)  —  Cl -f-  25/,. 
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Although  in  real  waveguide  usually  occurs  simultaneously 
attenuation  and  dispersion,  during  analysis  more  conveniently  to 
nevertheless  examine  separately  cases  of  presence  only  of  dispersion 
(/3=0)  and  only  attenuation  (a=0). 


In  first  case  with  /3=0  expression  (1.82)  is  simplified  and  takes 


form 


Re 


[  .  r1 

+  c  r 


1  +  (4na,/) 


r~h 


+  (••*»  —  *o) 1  ~  -y  arcts  (4«*t/)].-  (1 .87) 


Value  of  duration  of  pulse  /„BUI  and  value  of  frequency  modulation 
of  carrying  oscillation  is  located  from  this  expression.  For  the 
Gaussian  pulse  its  duration  at  level  0.1  of  amplitude  is  determined  by 
the  expression 
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Then  on  the  basis  of  expression  (1.87),  substituting  for  n  value 

n 

\  +  (4/iaa/)»  • 

we  obtain  expression  for  duration  of  pulse,  which  passed  in  waveguide 
distance  l: 

.«= 2  [1  +  (4 ««,/)’]  =  ta  ^l+(4 ««,/)*.  (1 .88) 

Change  in  carrier  frequency  is  rated/estimated  by  expression 

dt ,  **  l  +  (4n<*»0*  ■ 


For  case  of  normal  dispersion  a,<0,  i.e.,  group  velocity 
increases  with  increase  in  frequency.  Therefore  at  the  point  of 
reception/procedure  the  high-frequency  components  of  signal  will  prove 
to  be  earlier  than  low-frequency  constituting. 

Fig.  1.25  gives  dependences  of  pulse  duration  with  carrier 
frequency  of  10  GHz  from  length  of  waveguide  l  for  different  duration 
of  launched  pulse  ta. 
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From  the  figure  one  can  see  that  most  of  all  changes  the  pulse 
duration  with  an  initial  duration  of  /„=1  ns.  This  pulse  to  the 
larger  degree  is  subjected  to  the  frequency  modulation  of  the  carrying 
oscillation,  than  the  pulse  of  larger  duration. 
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Distortion  of  pulse  can  be  reduced  due  to  decrease  of  value  a2. 
This  is  achieved,  however,  by  a  simultaneous  increase  in  the  frequency 
w0,  which  is  limited  to  the  permissible  frequency  for  this  waveguide. 


In  the  case  of  account  only  of  losses,  in  waveguide  (a«=0) 
solution  (1.82)  takes  form 

jr i,  .a 

1 1  r+4/iM  l(  ?«f)i 


Rch,(/.  /,)  = 


exp 


1^1  +  4/!  2/ 
Xcos[(».-r?^'s, ■)/,  +  «-, 


-X 


(1.89) 


Then  for  duration  of  pulse,  which  passed  distance  I'm  waveguide, 
we  obtain  expression 

/„  0  +  4«tM)  —  I*  /1  +  4  «pt7.  (1-90) 

Deviation  of  carrier  frequency  will  take  form 

A  _  2/10,1 

1+4  flW 

Increase  in  attenuation  with  increase  in  frequency,  thus,  leads 
to  decrease  of  carrier  frequency  and  increase  in  pulse  duration. 
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Fig.  1.25.  Change  of  duration  of  radio  pulses  in  dependence  on 
length  of  waveguide  {carrier  frequency  of  10  GHz). 

Key:  (1).  ns. 
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Distortions  of  radio  pulses  by  line  with  the  transmission  factor, 
determined  by  the  function  of  Gauss. 

Expressions  given  here  make  it  possible  to  examine  question  of 
distortion  of  nanosecond  pulses  of  bell-shaped  form  with  passage 
concerning  line,  which  has  transmission  factor,  determined  by 
expression 

=  (1.91) 

This  case  can  occur,  for  example,  during  transmission  of  radio 
pulse  along  strip  line  with  very  thin  metallic  strips  with  continuous 
dielectric  filling.  Only  the  frequency  dependence  of  attenuation  in 
the  dielectric  here  has  a  value.  The  value  of  this  attenuation  is 
proportional  to  the  square  of  frequency,  since  the  loss  tangent  in 
dielectric  tg  6  in  the  small  region  high  frequencies  a>,±Aa>  grows/rises 
approximately  proportional  to  frequency,  i.e.,  according  to  expression 
(1.38)  we  will  obtain 

pa  =  4,10  tg  3  = 

where  A,*const. 

Then  in  expression  (1.91)  coefficient  a=A,/,  where  /  -  length  of 


line. 


y  O 
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In  this  case  expression  for  output  pulse  u ,(/,  tx)  is  found  from 
expression  (1.89),  where  it  is  necessary  to  assume/set  /3o=0i=O,  and 
/3a f*a,  i.e. ,  we  have 


nti 


Re«,(/,  <,)  = 


eXP  1  +4M~ 
v'"  t  +  4nn 


COS<nJ. 


(1.92) 


From  (1.92)  we  find  expression  for  the  pulse  duration: 


(1.93) 
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Fig.  1.26  gives  dependence  of  duration  of  bell-shaped  radio  pulse 
from  passband  of  line  (band  at  level  3  dB)  in  the  case  of  different 
duration  of  launched  pulse 

1.8.  NON-UNIFORM  CIRCUITS  OF  TRANSMISSION. 

During  formation  and  transformation  of  nanosecond  pulses  is  found 
use  of  line  with  changing  along  the  length  linear  parameters.  Such 
non-uniforms  circuit  can  be  used  also  for  the  transmission  of  pulses, 
if  it  is  necessary  to  simultaneously  carry  out  a  correction  of  their 
form.  For  the  assigned  duration  of  pulse  and  degree  of  a  change  in 
its  form  the  necessary  length  of  non-uniform  circuit  is  determined  by 
the  special  features  of  its  transient  response  and  by  the  time  of  the 
emission  of  the  signal  along  the  line.  To  different  transient 
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responses  of  such  lines  correspond  different  laws  of  a  change  in  their 
wave  impedance  pj(X).  Therefore  during  the  calculation  during 
calculation  and  use  of  non-uniforms  circuit  of  transmission  it  is 
necessary  to  know  their  transient  responses  under  different  laws  of  a 
change  in  the  wave  impedance  along  the  line. 
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Fig.  126.  Change  of  duration  of  bell-shaped  radio  pulse  in  dependence 
on  passband  of  strip  line. 

Key :  ( 1 ) .  ns .  ( 2 ) .  GHz . 
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Equations  of  non-uniform  circuit.  Undistorted  transmission  of  pulses. 

For  investigation  of  transient  processes  in  non-uniform  circuit 
let  us  examine  first  equations  of  heterogeneous  zero-loss  circuit  [26, 
27,  28]: 

<'-94> 

-sf-cmS--  <L94a) 

where  u(x,  t)  and  i(x,  t)  -  instantaneous  values  of  voltage/stress  and 
current, 

I 

L(x)  and  C(x)  -  linear  parameters  of  line,  which  are  changed  with 
distance  of  x,  calculated  off  beginning  of  line. 

Wave  impedance  p,(x)  and  wave  propagation  velocity  u(x)  depend  on 
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coordinate  x: 


Pi (•*)—]/  c (x)  ’ 


Let  us  introduce  into  equations  (1.94)  and  (1.94a)  value  Px(x) 
and  u(x),  then  we  obtain  equations  for  voltage/stress  and  current 
[28]: 


d*u 

dx 


C*  T^lrl 


w  .  r  i 

ox'1  "r'lnW 


du 

1 

dpi  (■*)' 

\  du 

1 

d'u  _ | 

dx 

pi  w 

dx 

)  dx  * 

[V  (X)]' 

di  _ 

1 

dp,  (x)\ 

di  _ 

1 

5*0. 

dx 

~  P,  (JC) 

dx  j 

dx 

[V  (*)!’ 

dt 2 

(1.95a) 


Let  us  introduce  delay  factor  of  line 


(1.96) 

6 


and  let  us  designate  line  characteristic  in  function  r  through  ;pio(r). 
Then,  after  using  to  (1.95)  and  (1.95a)  the  Laplace  transform,  we 
obtain  equations  in  the  operational  form: 


d*u  (p) _ 1_  dt  (*)  da±P)  _  (p)  =-  0,  (1.97) 

“  d-y  p  (*)  dx  dx 

d'i(p)  1  dpW  dii£L—n*i(p)=z 0.  (1.97a) 

-5?-  p  (r)  df  dx 
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For  convenience  we  further  use  recording 

P(t)  =  P,  UH 

/  =r pwTpW «. 


—J=^,  UM(P)  =  UH, 
/pW/P(0) 
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where  u  and  /  -  normalized  values  u  and  i. 

H  * 


Then  equations  are  reduced  to  the  form: 


where 


(1.98) 

%-?>.=  *>.■  <198a> 


?(*)  = 


+  (»)  = 


{Ok  )'+■&  O-Ma) 


Here  value  N  is  called  function  of  drop/ jump  [28]  and 
characterizes  rate  of  change  of  transformation  ratio  of  wave  front 
along  line. 

Equations  (1.98)  and  (1.98a)  with  arbitrary  <p  (t)  and  \p  (r)  are 
not  integrated  in  final  form  and  can  be  solved  by  approximation 
methods.  Only  in  the  case  of  the  exponential  law  of  a  change  of 
parameters  L(x)  and  C(x),  when  N=const,  is  located  a  strict  solution 
of  the  equations  [2^]  indicated. 

Let  us  examine  first  equation  (1.98)  for  case  <p=0.  Its  solution 
in  this  case  takes  the  form 
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X 

where  Aj  and  A,  -  integration  constant. 

In  the  case  of  infinitely  long  line  A,=0.  If  at  the  input  of 

* 

line  operates  the  pulse  of  the  voltage,  whose  operational  image  U^p), 
and  internal  resistor/resistance  of  pulse  generator  is  equal  to  zero, 
then 

U  =  Vl{p)fT*'. 
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In  this  case  during  propagation  of  pulse  along  line  form  of  its 
initial  voltage/stress  is  retained.  From  the  condition  <p=0  we  have 


whence  we  find  the  law  of  a  change  in  the  wave  impedance  of  this 
nondistorting  line  [28]: 


P(-')  =  P(°)1a~ r-  (1.100) 


Integration  constant  B  here  characterizes  rate  of  change  in  line 
characteristic  along  its  length.  The  line,  whose  wave  impedance 
changes  according  to  formula  (1.100),  is  called  hyperbole  trace.  With 
any  positive  and  final  B  with  an  increase  in  che  delay  r  wave 
impedance  decreases,  and  consequently,  decreases  the  voltage/stress  of 
output  pulse. 
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If 

X 

Supplying  on  input  of  this  line  single  drop/ jump  in 
voltage/stress  u1(t)al(t),  it  is  easy  to  find  its  transient  response: 

u  =  (l.ioi) 

If  we  take  hyperbole  trace  of  finite  length  llt  loaded  to 
resistor/resistance,  equal  to  input  resistance  of  missing  part  of  line 
( / ^ / i ) ,  then  this  line  also  must  be  nondistorting.  For  this  let  us 
find  current  in  hyperbole  trace  of  infinite  length  under  the  influence 
on  its  input  of  a  single  d»*op/jump  in  the  voltage/stress.  According 
to  (1.94)  and  (1.94a)  for  the  present  instance  it  is  possible  to  find 

‘  =  9  (0)  b  1  ~  *)• 

Then  line  impedance  for  any  value  t,  (i.e.  for  any  length  of  line 
l  x)  is  determined  by  expression 


p(*i)  (fl  +  ^p  (*,)/> 

9  (ti)  +  P  +  Ti)  P  (T.) 


(1.102) 
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This  input  resistance  can  be  represented  as  parallel  connection 
of  active  p  (rx)  and  inductive  p(B +rl)p(rl)  resistors/resistances. 


Thus,  if  line  with  length  /,  is  loaded  to  this 


resistor/resistance,  then  pulse  of  voltage  ux(t)  will  be  transmitted 


DOC  =  88076705 


11/ 

PAGE  \ 


along  line  without  distortion  of  its  form,  but  with  reduced  amplitude. 
Analogously  it  is  possible  to  show  [29]  that  the  line  of  infinite 
length  with  the  parabolic  law  of  a  change  in  the  wave  impedance  p  (r) 
does  not  distort  the  form  of  the  current  pulse,  transmitted  along  this 
line. 


Nondistorting  non-uniform  circuit  examined  has  such  properties 
when  pulse  generator,  connected  at  input  of  line,  has  internal 
resistor/resistance,  equal  to  zero. 

Non-uniform  circuits  with  the  smoothly  changing  parameters.  The 
transient  responses  of  lines. 

As  noted  above,  non-uniforms  circuit  are  utilized  for  formation 
and  transformation  of  nanosecond  pulses.  In  connection  with  this 
appears  the  task  of  determining  the  law  of  a  change  in  the  line 
characteristic  with  the  given  ones  the  internal  resistor/resistance  of 
generator  and  the  load  resistance/resistor,  and  also  the  task  of 
determining  the  transient  response  of  line.  In  the  general  case  this 
task  is  complicated,  and  therefore  is  proposed  the  series/row  of  the 
approximation  methods  of  the  study  of  non-uniforms  circuit,  and  also 
their  synthesis  [27,  30]. 

If  parameters  of  line  change  copper-feudatory  with  increase  in 
its  length,  then  for  solving  equation  (1.98)  it  can  be,  in  particular, 
is  used  small  parameter  method.  Equation  (1.98)  in  this  case  is 
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written/recorded  in  the  form 

— (1.103) 

where  when  $  is  a  factor  -  low  parameter  u» 

Let  us  represent  solution  of  this  equation  in  the  form  of 
series/row  from  low  parameter  m 
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After  substituting  this  expression  in  (1.103),  we  will  obtain 
system  of  differential  equations: 


ih’ 


^  =  0, 

p'0lH=?u 0„, 


dm.. 


d\* 


-P- 


dU„ 


dv 


Wn-, 


Solution  of  these  equations  can  be  represented  in  the  form 


00 

*4,  =12jr  §  9  (y)  finite)  er»dy  — 

* 

00 

~  W I ?  w ^-i.»  (y)^'r,ldy  +  An  e-/”  +  4nne»i', 

t 


»  •  w 

X 
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Here  integration  constant  are  determined  from  boundary 
conditions.  On  the  basis  of  the  obtained  solution  it  is  possible  to 
find  the  transient  response  of  the  infinitely  long  line,  when  the 
internal  resistor/resistance  of  pulse  generator  is* equal  to  zero. 
Here  they  will  be  boundary  conditions 

UH  (0)  =  1 ,  UH  (oo) =0. 


After  determining  integration  constant,  after  conversions  and 
transition  from  image  of  function  to  its  original  it  is  possible  to 
obtain  [28] 


(1.104) 
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On  the  basis  of  expression  for  transient  response  of 
heterogeneous  infinitely  long  line  (1.104)  it  is  possible  to  determine 
function  tp  (r),  with  which  voltage/stress  changes  according  to 
assigned  law.  Let  the  delay  of  line  be  equal  to  one  (t=1).  As  a 
result  of  differentiation  of  expression  (1.104)  twice  on  t  is  obtained 
difference  equation  relative  to  <p(t): 


<P(0  —  9(1  +1)- 


<r-u„  (0 

dt* 


solution  of  which  takes  the  form 


oo 

*(/)==-£^+l(^ 


n=0 


(1.105) 
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where  b„  -  Bernoulli  number. 

If  it  is  necessary  to  obtain  non-uniform  circuit  with  desired 
transient  response,  assigned  by  law  of  change  in  voltage/stress  tuo. 
then  from  (1.105)  it  is  necessary  to  find  function  <p(t),  and  from  it 
according  to  (1.99)  -  law  of  change  in  line  characteristic  p(t). 

Let  it  be,  for  example,  desirable  to  have  transient  response  of 
line,  when  voltage/stress  ux(t)  changes  according  to  the  law 

M,  (0  —  1  -\-M> 

where  k=const.  This  line  is  necessary  for  the  correction  of  the 
flat/plane  part  of  the  input  pulse,  which  is  changed  exponentially, 
i  .e. ,.  when 

«(/)  =  £e-w. 


It  is  possible  to  ascertain  that  with  the  aid  of  Duhamel  integral 
output  potential  of  this  line  will  be  actually  constant  value: 


Maui  (0  —  K,  (0)  u  (i)  -f  j  [«,  (t  —  5)]  U  (?)  dS  = 

0 

t 

=  Ee~k,-\-  J  kEc-kidl==E. 


According  to  (1.105)  we  determine  <p=-k,  or  on  the  basis  (1.99)  we 


have 


^  2f  dx  J  i lx  ^  2p  dx  J 
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Assume  as  second  example  it  is  required  to  obtain  line,  which 
possesses  characteristic  u^tl'Kt),  i.e.,  not  distorting  transmitted 
signals.  From  (1.105)  we  determine  (p(t)=0  and  according  to  (1.99)  we 
find 

P  (*)  —  P  (0)  (B +  ■»)«  ' 

i.e.  we  obtain  expression  (1.100)  for  hyperbole  trace. 

Is  of  considerable  practical  interest  determination  of  form  of 
non-uniform  circuit,  which  works  under  matching  condition  at  input 
with  internal  resistor/resistance  of  generator  p(0)  and  at  output 
with  resistance/resistor  of  load  of  p  (r3) -  The  optimum  law  of  a 
change  in  the  wave  impedance  is  determined  from  the  solution  of 
variational  problem  relative  to  the  function  of  drop/jump  N,  i.e., 
rate  of  change  in  the  heterogeneity  along  the  line.  As  is  known  [28], 
the  solution  of  problem  proves  to  be  condition  Nsk^const. 

Hence  it  follows  that  line  characteristic  changes  exponentially 

p  —  p  (0)  e*1' .  (1.106) 

After  determining  values  N  and  p.  it  is  possible  then  on  the 
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basis  (1.104)  to  find  expression  for  transient  response  of  infinitely 
long  exponential  line: 


i  /  k2  \  k2l* 

“•  =  1— +  )<+-!-•  (,107) 


Transient  response  of  exponential  line  is  given  in  Fig.  1.27. 
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Fig.  1.27.  Transient  response  of  exponential  transmission  line  in 

dependence  on  delay  time  of  line,  calculated:'  - according  to 

precise  formulas;  according  to  approximations. 

Page  77. 

Dotted  line  showed  the  course  of  the  transient  response,  expression 
for  which  is  obtained  as  a  result  of  the  exact  solution  of  the 
equation  of  exponential  line  [29]. 

Exponential  line. 

Exponential  lines  find  wide  application  in  nanosecond  pulse 
technique  as  equalizers  and  distributed  transformers.  This  line  has 
an  inductance  and  a  capacitance  per  unit  length,  which  change  along 
the  line  according  to  the  law 

L(x)  =  l,q"*,  C( 

where  k  -  positive  or  negative  constant. 
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Line  characteristic  can  be  recorded  in  the  form 

e"Jt="p{0)c',x- 

Delay  time  per  unit  of  length  of  line  remains  constant/invariable 
and  is  determined  by  expression 

/ao  -=  | /L  (a)  C  \x)  =  i/Zfil.  (1.108) 

Consequently,  expression  for  wave  impedance  can  be  recorded  thus: 

kx 

p  =  p(0)e '»»,  (1.109) 

where  r  is  determined  by  expression  (1.96). 


We  will  obtain  equations  of  exponential  line,  if  into  equations 
(1.97)  and  (1.97a)  we  substitute  value  p  from  (1.109).  Then 


*  d*u _ k _  da  * 

Pl  d'*  P*U%  </t  U—0, 

1  d'i  _  k  di  *  n 
Pl  d'*  P*U,  ~ch  ~  l==V- 


(1.110) 

(1.110a) 


Solution  of  equation  (1.110)  in  general  form  can  be  recorded  as 
sum  of  waves:  wave  «„  (*),  propagated  from  beginning  line  (x=0)  to  its 
end/lead,  and  wave  ub (t),  which  is  propagated  in  opposite  direction, 
i . e. ,  we  have 

U(t)  ~  «„(*)  +  «,,(*). 
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Expressions  for  these  take  form 

«a(*)=^a(0)exp  |^(*/2— ?)J,  (1-11 1) 

«bW^«fc(0)  exp  (1.111a) 

where  uo(0)  and  Kb(°)  -  integration  constant,  and  q  is  determined  by 

expression 

*  -5 

Hence  expressions  (1.111)  and  (1.111a)  approximately  will  be 
recorded  in  the  form 

M,)  =  M0)e£.e-'’(l-s^),  (1.112) 
il«)  =  ‘Ul,(0)e5!r.«'"(l  +  ^f).  (1.112a) 

where  by  members  of  higher  order  relative  to  1/p  how  the  first,  we 
here  disregard. 

It  is  evident  from  expression  (1.112)  that  constant  Ua(0 )  (i.e. 

•  ua(x)  with  x=r=0)  is  amplitude  of  voltage/stress  in  the  beginning  of 
line.  Factor  e~px  indicates  the  motion  of  wave  along  the  line  with 
the  delay  r.  The  second  member  of  expression  (1.112)  determines  the 
distortion  of  pulse  due  to  the  reduction  of  his  amplitude  on  the 
value,  proportional  to  integral  on  the  time  of  input  pulse  u(0). 
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If  to  input  of  line  is  given  single  square  pulse  by  duration 
then  with  its  passage  along  line  pulse  apex  will  change  according  to 
linear  law  on  value,  determined  by  term  MJSU- 

Exact  expression  of  solution  (1.111)  shows  that  change  in  pulse 
apex  during  its  propagation  along  line  differs  somewhat  from  linear 
dependence,  which  follows  from  Fig.  1.27. 

Page  79. 

Transient  response  of  line  with  the  losses. 

Losses  in  non-uniform  circuit  were  not  considered  in  all  cases 
examined  above.  However,  in  the  nanosecond  range  for  the 
evaluation/estimate  of  the  distortions  of  pulses  (especially  their 
front  and  of  shear/section)  it  is  desirable  to  consider  losses. 

Effect  of  total  losses  in  non-uniform  circuit  to  its  transient 
response  to  consider  difficultly.  This  problem  is  approximately 
solved  only  for  the  case  of  losses  only  in  the  conductors  of  line 
[31].  For  the  determination  of  transient  response  in  this  case  it  is 
necessary  to  solve  the  generalized  equation  of  non-uniform  circuit 
taking  into  account  the  impedance,  caused  by  surface  effect  in  the 
conductors.  This  resistor/resistance  is  represented  in  the  same  form, 
as  in  the  case  of  uniform  line;  however,  here  its  value  per  unit  of 
length  depends  on  distance  along  the  line. 


3 
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Transient  response  of  non-uniform  circuit  with  losses  differs 
from  characteristic  of  zero-loss  circuit  by  fact  that  frontal  part  of 
characteristic  increases  according  to  the  law,  determined  by  function 

A('„  <>->-* (?7f)- 

where  $(S/2^<,)  -  function  of  Kramp; 

i=-i]*wVW)dx' 

0 

where  jj(x)  -  coefficient  of  surface  effect  in  conductors; 

C(x)  and  L(x)  -  linear  capacity/capacitance  and  inductance; 
x,  -  distance  at  point  of  line  in  question,  calculated  off  its 
beginning; 

*1  =  *  —  ~  =  t  —  t3\  t3  -  delay  time. 

Furthermore,  decay  in  flat/plane  part  of  characteristic  occurs  on 
somewhat  different  law,  than  in  characteristic  of  zero-loss  circuit. 
During  the  transmission  of  pulses  with  duration  about  1  ns  decay  in 
its  apex/vertex,  as  in  the  case  of  zero-loss  circuit,  it  is 
insignificant.  However,  the  distortions  of  the  edge  of  pulse 
(decrease  of  its  slope/transconductance)  in  non-uniform  circuit  it  is 
just  as  noticeable  as  in  the  uniform  line  of  transmission,  upon 
consideration  of  losses  only  into  the  conductor. 
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CHAPTER  TWO. 

TRANSIENT  PROCESSES  IN  TRANSMISSION  LINES  WITH  THE  DISCRETE/DIGITAL 
HETEROGENEITIES.  TRANSFORMATION  OF  PULSES. 

2.1.  SPECIAL  FEATURES  OF  TRANSMISSION  OF  PULSES  IN  DISTRIBUTED 
SYSTEMS  WITH  DISCRETE/DIGITAL  HETEROGENEITIES. 

In  first  chapter  was  examined  question  about  transmission  of 
pulses  of  nanosecond  duration  along  such  distributed  systems  as 
coaxial  cables,  strip  lines,  etc.  It  was  shown  that  unavoidable 
losses  in  the  metal  and  the  dielectric  it  leads  to  the  distortion  of 
the  shape  of  pulses.  However,  the  source  of  the  distortions  of  pulses 
in  the  transmission  lines  can-  be  heterogeneities  at  the  ends/leads  of 
the  line  or  at  any  point  of  it.  These  heterogeneities  are  caused  by 
the  insufficiently  good  agreement  of  line  with  the  load  or  with  other 
lines.  Furthermore,  in  a  number  of  cases  of  line  they  are  specially 
made  by  heterogeneous,  since  heterogeneities  in  them  it  is  in 
principle  necessary  for  the  normal  functioning  of  system  (stepped 
transformers,  traveling-wave  amplifiers,  etc.).  Heterogeneities  in 
the  transmission  line  do  not  always  lead  to  the  distortions  of  the 
shape  of  pulses.  In  order  to  explain  this  fact,  let  us  examine  the 
condition  for  the  undistorted  transmission  of  pulses. 
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It  is  known  from  theory  of  transmission  of  signals  that 
undistorted  transmission  is  possible  when  modulus  of  complex 
transmission  factor  of  system  is  equal  to  constant  value,  and  argument 
is  linear  function  of  frequency: 


KH  —  Kt,  (2.1) 

<p  (<n)  -  —  t  a<o. 
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In  temporary /time  aspect  condition  for  undistorted  transmission 
is  formulated  as  follows:  transient  response  of  nondistorting  system 
must  take  form  of  unit  function,  multiplied  by  value  K0  and  displaced 
to  the  right  to  period  t,,  which  represents  delay  time  of  oscillation 
with  passage  along  system: 


.4(0  — A,1  (/  —  /.,).  (2.2) 

We  will  consider  it  that  very  transmission  lines  are  ideal,  i.e., 
not  contributing  distortions,  and  that  all  distortions  of  pulses  are 
caused  by  presence  of  discrete/digital  heterogeneities.  In  this  case 
it  is  possible  to  show  that  for  the  pulses,  the  repetition  period  of 
which  is  much  more  than  their  duration  the  conditions  for  the 

undistorted  transmission,  formulated  above,  are  sufficient,  but  not 
necessary. 

Pulse  signal  is  function  of  limited  extent.  This  means  that 
conditions  (2.1)  or  (2.2)  must  be  fulfilled  only  in  the  limited 
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period,  equal  to  the  duration  of  the  converted  oscillation,  and  can 
not  be  fulfilled  at  the  later  moments  of  time.  Thus,  the  condition 
for  the  undistorted  transmission  can  be  formulated  in  the  form 

3  +  (2'3) 

It  is  not  difficult  to  see  that  facilitation  of  conditions  for 
undistorted  transmission  significantly  expands  class  of  linear 
systems,  suitable  for  converting  oscillations  without  change  in  their 
form.  For  example,  the  linear  network,  which  satisfies  condition 
(2.2),  is  the  uniform  long  line,  loaded  to  the  wave  impedance.  The 
realization  of  this  system  meets  large  difficulties  due  to  the  need  of 
guaranteeing  the  constancy  of  the  load  resistance/resistor  in  the  very 
wide  frequency  band,  which  stretches  to  ones  and  even  to  tens  of 
gigahertz. 

Account  of  final  and,  more  precise  speaking,  for  very  short  pulse 
duration  makes  it  possible  in  many  instances  to  forego  agreement  of 
line  with  load. 

Page  82. 

For  the  pulse  with  duration  tH  even  the  mismatched  line  is  ideal, 
i.e.,  not  distorting,  by  quadrupole,  if  only  travel  time  along  the 
line  is  not  less  than  half  of  the  pulse  duration. 

In  microsecond  range  of  pulse  durations  satisfaction  of  condition 

(t3  -  doubled  time  of  landing  run  of  pulse  along  line)  is 
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hindered/hampered  by  fact  that  it  requires  application  of  lines  of 
large  length.  In  the  nanosecond  range  the  necessary  lengths  of  lines 
are  structurally  acceptable.  (For  example,  during  the  use  of  cable 
PK-75-4-15  with  the  delay  5  ns/m  the  required  length  of  cable  for  the 
undistorted  transmission  of  pulses  by  the  duration  of  1  ns  is 
approximately  10  cm.)  'Che  account  of  the  final  pulse  duration  makes  it 
possible  not  only  to  facilitate  the  task  of  the  agreement  of  lines, 
but  also  opens/discloses  the  possibilities  of  designing  of  systems 
with  the  discrete/digital  heterogeneities,  in  which  precisely  the 
presence  of  heterogeneities  creates  the  desired  effect  of  conversion 
(transformation,  inversion,  amplification,  etc.)  and  at  the  same  time 
does  not  lead  to  the  distortions  of  the  shape  of  pulse. 

2.2.  CONCEPT  ABOUT  LOOP  CIRCUITS. 

Any  radio  engineering  device/equipment  can  be  considered  as 
certain  set,  elements  of  which  are  its  blocks,  either  assemblies  or 
parts,  or  even  infinitesimal  sections/segments  of  conductors.  The 
elements  of  the  construction/design  of  device/equipment  not 
necessarily  must  be  elements  of  set;  the  voltages/stresses  between  any 
points  or  currents  in  the  separate  branches  can  be  also  them.  All 
elements  of  the  set,  which  composes  radio  engineering 
device/equipment,  are  located  between  themselves  in  the  specific 
connections/communications.  These  connections/communications  are 
created  from  the  set  of  the  elements  of  the  system  of  elements. 
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As  a  rule,  any  two  elements  of  system  are  connected  with 
bilateral  internal  connection.  A  change  in  the  value  of  the  first 
element  (as  which  it  can  be  accepted,  for  example,  input  voltage) 
produces  a  change  in  the  value  of  the  second  element  (for  example, 
output  voltage/stress);  in  turn,  a  change  in  the  size  of  the  second 
element  produces  a  change  in  the  value  of  the  first  element,  etc. 

Page  83. 

Together  with  the  elements,  which  are  found  in  the  two-way 
communication,  are  elements,  connected  with  one-way  communication 
(this  connection/communication  it  is  called  also  directed).  Following 
M.  S.  Neumann  [32],  we  will  call  the  system  of  elements,  which  are 
found  in  the  two-way  communication,  ring,  and  the  system  of  elements, 
which  are  located  in  one-way  communication,  by  the  broken  circuit  or 
simply  by  circuit. 

In  present  section  are  examined  some  properties  of  rings,  whose 
knowledge  is  necessary  for  understanding  of  work  of  distributed 
systems  with  discrete/digital  heterogeneities,  such,  as  stepped 
transformers,  transformers  and  inverters,  formed  by  cable  segments, 
traveling-wave  amplifiers  and  other  devices/equipment.  All 
distributed  systems  with  the  discrete/digital  heterogeneities  are 
rings.  Simple  ring  forms  the  uniform  line,  not  matched  in  the 
beginning  and  at  the  end/lead.  The  connection/communication  between 
the  voltages/stresses  on  its  input  and  output  appears  due  to  the 
reflection  of  waves  from  the  beginning  and  the  end/lead  of  the  line. 
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The  lines,  which  have  heterogeneities  halfway,  such,  as  stepped 
transformer,  the  traveling-wave  amplifier,  etc.,  are  the  complex 
system  of  the  intersected  rings,  called  subsequently  in  abbreviated 
form  loop  circuit. 


In  subsequent  chapters  it  will  be  shown  also,  that  rings  are  all 
devices/equipment  with  feedback;  circular  mechanism  is  inherent  in 
elements  with  negative  resistance.  Therefore  the  examination  of  the 
general/common  properties  of  loop  circuits  is  of  considerable  interest 
for  the  nanosecond  pulse  technique. 


Let  us  pause  first  at  processes,  which  occur  in  single  ring, 
i.e.,  ring,  formed  by  two  elements.  In  it  there  are  two  communication 
channels:  by  the  straight  line,  by  which  is  transmitted  the  effect  of 
the  first  element  on  the  second,  and  the  reverse/inverse,  on  which 
gives  self  up  the  effect  of  the  second  element  on  the  first.  Ring 
differs  from  the  broken  circuit  in  terms  of  the  fact  that  in  it  is 
certain  locked  internal  circuit,  formed  by  the  series-connected 
channels  of  straight  line  and  reverse/inverse  supply.  The 
characteristics  of  the  rings,  which  define  its  behavior  in  external 
circuit,  in  which  it  is  included,  they  depend  substantially  on  the 
processes,  which  occur  in  its  internal  circuit,  and  appear  as  the 
reflection  of  these  processes. 


In  present  section  we  will  assume  that  channels  of  straight  line 
and  reverse/inverse  supply  are  characterized  by  linear  integral 
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operators  AK  and  Ab  respectively. 

Page  84. 

The  integral  character  of  linear  operators  is  caused  by  the 
limitedness  of  the  bandwidth  of  communications.  When  the  bandwidth  of 
communications  can  be  considered  unlimited,  linear  transformations  no 
longer  carry  integral  character. 

Second  special  feature  of  communication  channels  consists  in  the 
fact  that  effect  of  one  element  on  another  is  transmitted  by  them  not 
instantly,  but  for  a  certain  period  of  time  called  time  lag.  In  the 
systems  with  the  distributed  constants  this  time  lag  is  caused  by  the 
final  velocity  of  propagation  of  oscillations,  while  in  the  systems 

m 

with  the  concentrated  constants,  in  which  there  is  no  true  time  lag  of 
oscillations,  by  the  specific  distortions  of  the  shape  of  the 
transmitted  pulses,  which  create  the  effect,  which  reminds  the  effect 
of  time  lag. 

We  will  call  process  of  converting  oscillation  loop  circuit  by 
circular  process  of  conversion.  In  general  form  the  circular  process 
of  conversion  consists  of  the  following.  The  converted  voltage/stress 
u0  enters  the  input  of  system.  With  the  aid  of  the 
connection/communication,  which  exists  between  the  input  of  system  A 
and  its  output  B,  the  voltage/stress  indicated  is  transmitted  from  A 
to  B,  undergoing  a  certain  conversion  in  the  channel  of  direct  feed. 
Output  potential  of  system  B  changes;  this  change  is  characterized  by 
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value  Akuo,  where  ak  ~  operator,  who  presents  the  process  of 
conversion,  which  is  realized  above  the  input  voltage  in  the  channel 
of  direct  feed.  The  presence  of  feedback  -  from  B  to  A  -  leads  to  the 
fact  that  the  voltage/stress  at  point  A  again  changes  and  this  change 
is  characterized  by  value  akabu0,  where  Aa  -  operator,  who  presents 
the  process  of  conversion,  completed  above  the  oscillation  during  the 
transmission  from  B  to  A.  input  oscillation  completed  complete  cycle 
on  locked  internal  circuit  of  ring. 

Process  of  circular  conversion  is  theoretically  process  with 
infinite  number  of  repetition  of  operations.  After  completing  one 
cycle  on  internal  circuit  of  ring,  input  oscillation  completes  then 
the  second  cycle,  the  third,  the  fourth,  etc.  With  respect  to  this  a 
change  in  the  voltage/stress  at  point  A  is  characterized 
consecutively/serially  by  values  «„•  ak^bu»'  akAb “••••••  where  the  degree 

of  operator  shows  the  number  of  repetitions  of  the  operation  of 
conversion. 

Page  85. 

In  exactly  the  same  manner  voltage/stress  at  point  B  equal  to  the  sum 
of  disturbances/perturbations  A^A^i^  A^l;, so  that  total 
variation  in  the  voltage/stress  at  point  B 

I 

moreover  is  an  operator  of  multiplication  by  one. 
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It  is  easy  to  see  that  uu  is  solution  of  operational  equation 

(2'4) 

Since  ak  and  is  linear  integral  operators,  (2.4)  -  linear 
integral  equation  of  Volterra  of  2nd  order.  The  solution  of  equation 
is  convenient  to  represent  in  the  form 

00 

=  V  +  (2-5) 

n  =  I 

First  member  of  expression  (2.5)  is  fundamental  oscillation, 
i.e.,  oscillation,  devoted  from  input  of  ring  to  his  output  and 
converted  in  channel  of  direct  feed.  For  the  majority  of  the  systems, 
intended  for  the  undistorted  conversion  of  oscillations,  precisely, 
this  term  in  (2.5)  gives  the  efficiency  of  conversion.  Second  term, 
whioh  is  the  sum  of  the  infinite  series  of  components,  is  caused  by 
the  presence  of  feedback  in  the  system.  This  oscillation  accompanies 
fundamental  oscillation  and  in  communication  equipment  are  called 
"wake  current"  [33]. 

Special  feature  of  distributed  systems  with  discrete/digital 
heterogeneities  is  the  fact  that  they  possess  true  time  lag.  Because 
of  this  all  components  of  series/row  (2.5)  prove  to  be  displaced  along 
the  time  axis.  If  the  duration  of  converted  oscillation  ak«o  is 
sufficiently  short,  i.e.,  it  is  less  than  the  time  by  which  lag  the 
components  of  series/row  (2.5),  then  the  action  of  wake  current  will 
be  begun  after  the  passage  of  fundamental  oscillation  and  system  will 
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prove  to  be  satisfying  condition  undistorted  transmission  (2.3).  It 
must  be  noted  that  wake  current  is  not  always  undesirable  phenomenon. 

Page  86. 

In  the  series/row  of  devices/equipment  it  is  utilized  for  an  increase 
in  the  amplitude  of  oscillations,  for  converting  of  the  oscillations 
and  other  targets. 

Linear  ring  can  be  represented  by  functional  diagram,  shown  in 
Fig.  2.1.  This  diagram  consists  of  four  blocks.  I#iblock  1  with  the 
positive  sign  of  feedback  is  conducted  the  addition  of  input  voltage 
and  recurrent,  that  enters  from  the  channel  of  feedback,  and  their 
subtraction  occurs  with  the  negative  sign  of  feedback.  Block  2  is  the 
unipolar  or  directed  element  with  the  transmission  factor  m(m<l). 

This  element  does  not  introduce  distortions  into  the  form  of  the 
transmitted  oscillation  and  does  not  change  its  polarity.  The 
directed  element  does  not  pass  oscillations  from  the  output  of  system 
to  the  input  besides  the  channel  of  reverse/inverse  supply.  The 
transmission  factor  of  this  element  is  a  modulus  of  the  complex 
transmission  gain  on  internal  circuit- of  ring  on  the  medium 
frequencies,  which  does  not  affect  the  action  of  the  reactive/jet 
network  elements.  Block  3  is  filter.  It  is  assum'ed  that  it  considers 
the  action  of  all  reactive/jet  circuit  parameters,  including  delay 
line,  that  limit  the  passband  of  device/equipment.  Ideal  delay  line 
(block  4)  possesses  delay  time  t,.  Its  idealization  lies  in  the  fact 
that  it  possesses  neither  attenuation  nor  dispersion. 
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Systems  with  distributed  parameters  can  be  represented  by  the 
same  functional  diagram.  As  noted,  the  first  node  of  functional 
diagram  determines  the  sign  of  feedback. 
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Fig.  2.1.  Functional  diagram  of  single  ring:  1  -  summator;  2  - 
directed  element?  3  -  filter;  4  -  delay  line. 

Page  87. 

In  the  system  with  the  distributed  parameters,  not  matched  on  the 
ends/leads  and  presenting  single  ring,  sign  of  feedback  it  is 
determined  by  the  sign  of  the  product  of  reflection  coefficients  from 
the  ends/leads  of  the  line  at  the  medium  frequencies,  which  does  not 
affect  the  action  of  the  reactances  of  loads.  Feedback  will  be 
positive,  if  reflection  coefficients  will  have  identical  signs,  and 
negative,  if  the  signs  of  reflection  coefficients  will  be  different. 
The  directed  element  of  functional  diagram  determines  the  value  of 
feedback.  In  the  distributed  system  without  the  losses  the  factor  of 
feedback  is  equal  to  the  product  of  the  moduli  of  complex  reflection 
coefficients  from  the  ends/leads  of  the  line  at  the  medium 
frequencies.  The  complex  transmission  factor  of  filter  for  the 
distributed  systems  is  equal  to  the  product  of  complex  reflection 
coefficients  from  the  ends/leads  of  the  line,  divided  into  the  factor 
of  feedback.  Delay  time  in  the  delay  line  is  equal  to  doubled  time  of 
landing  run  of  oscillation  along  the  distributed  system. 


1/VA.  —  oou/o/vu 
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Let  us  examine  transient  processes,  which  occur  in  single  ring 
during  the  supplying  to  its  input  of  single  drop/ jump  in 
voltage/stress.  For  this  we  will  use  formula  (2.5),  which  let  us 
rewrite  in  the  form 

«a=4tf!  Rn~'u"  (2-6) 

n=l 

where  r=AkAb  ~  operator  of  internal  circuit  of  ring. 

Let  us  assume  that  u0  is  harmonic  oscillation,  then  R  will  be 
complex  transmission  factor  of  internal  circuit  of  ring,  and  AK  - 
complex  coefficient  of  channel  of  direct  feed.  It  is  easy  to  see  that 

<2J> 

(2.8) 

where  px  -  complex  reflection  coefficient  from  the  left  end/lead  of 
the  line; 

'pa  -  from  right  end  of  line. 

Substituting  expression  (2.7)  and  (2.8)  in  (2.6),  we  will  obtain 
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Let  us  turn  first  to  case,  when  reflection  coefficients  are  real. 


Then 
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where  K,=l+p,,  m=plp2. 

If  we  assume  that  u,  is  spectral  function  of  single  drop/jump  in 
voltage/stress,  then  uD  will  be  spectral  function  of  transient 
response  of  ring.  Using  to  expression  (2.9)  inverse  transformation  of 
Fourier,  we  will  obtain  the  equation  of  the  transient  response  of  the 
ring 

A  (t)  =  Kt  ^  m" - 1 1 1/  —  («  - 1  /2)  /,]•  (2. 10) 

/!  =  1 

m 

Example  of  transient  response  for  case,  when  m>0,  is  given  in 
Fig.  2.2.  it  is  step  function.  From  the  figure  one  can  see  that  in 
section/segment  Yt3<i<Tta  system,  whose  transient  response  is 
described  by  equation  (2.10),  satisfies  the  condition  for  undistorted 
transmiss ion  (2.3). 
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Fig.  2.2.  Transient  response  of  single  ring  with  unlimited  passband 
of  internal  circuit. 

Page  89. 

Let  us  note  that  the  equation  of  the  enveloping  transient  response  is 
the  exponential  function 

n 

P  in)  -  K0  J  m~ 1  -  r^-m  ( 1  -  cn  m). 

« -i 

With  m<l  and  n~®  the  envelope  approaches  the  steady-state  value 


Fig.  2.3  presents  processes,  which  occur  during  the  supplying  to 
input  of  ring  of  single  pulse.  Output  potential  of  ring  in  this  case 
is  the  sum  of  fundamental  (first)  pulse  and  series  of  the  decreasing 
in  the  amplitude  pulses,  which  were  being  formed  with  the  reflection 
from  the  ends/leads  of  the  line.  These  supplementary  pulses  are  wake 
current,  which  was  discussed  above. 


) 
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Let  us  assume  now  that  passband  of  internal  circuit  is  limited 

and  complex  transmission  factor  of  internal  circuit 

/?  = _ 1 _ e~/w* 

!+/«« 

where  r  -  certain  equivalent  time  constant. 
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Fig.  2.3.  Passage  of  single  pulse  through  loop  circuit.  The  shaded 
pulses  are  wake  current. 

Page  90. 

In  this  case 


Ast 


Using  to  this  expression  inversion  formula,  we  will  obtain  [34] 

A(t)=Kt  (211) 

/»=  1 

where  r(n,  x)  -  incomplete  gamma  function; 

According  to  equation  (2.11)  in  Fig.  2.4  is  constructed  transient 
response  of  ring  for  case  of  m>0.  It  differs  from  the  transient 
response  of  ring  with  the  unlimited  passband  in  terms  of  the  fact  that 
the  steps  of  characteristic  are  rounded  off.  System  is  distorting; 
however,  the  distortions  of  different  sections  of  curve  are  different. 
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In  interval  of  t ime  [Va<»,  S/*M  transient  response  is  to  exponent, 
time  constant  of  which  is  equal  to  r.  If  the  pulse  duration  is  less 
than  tJf  then  the  distortions  of  its  front  can  be  evaluated  by  the 
time  of  establishment  2,2t. 
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Fig.  2.4.  Transient  response  of  single  ring,  passband  of  internal 
circuit  of  which  is  limited  in  region  of  higher  frequencies. 

Page  91. 

In  the  large  pulse  duration  the  distortion  of  their  form  will  be  more 
essential;  however,  their  amplitude  due  to  wake  current  will  increase 
in  l/(l-m)  times. 

In  order  to  rate/estimate  distortions  of  pulses,  whose  duration 
much  more  t3,  let  us  introduce  concept  of  generalized  envelope.  The 
concept  of  envelope  for  the  piecewise-smooth  function  is  characterized 
by  known  arbitrariness.  We  will  understand  under  generalized  envelope 
such  flat  approximating  function,  which  in  a  sense  presents  well 
transient  response.  In  this  case  the  envelope,  understood  in  a 
broader  sense,  must:  a)  in  the  process  of  the  transition  of 
characteristic  from  the  piecewise-smooth  function  to  the  stepped 
present  known  envelope  of  step  function  and  b)  in  the  process  of 
transition  from  the  piecewise-smooth  function  into  the  flat  function 
represent  function  itself. 
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Approximating  function  of  form 

pm=  Ad-  ,2.12) 

where  equivalent  time  constant 

i)==-2 _ ‘-i-. 

1  i  —  m  In  m 

satisfies  these  conditions. 

f  AH£> 

When t  — 0  0  =  —  envelope  coincides  from  enveloping  step 

A  tffc 

function.  When  /a  =  0  0  =  1-^-^  A  the  envelope  coincides  with  function 
itself.  According  to  expression  (2.12),  the  time  of  the  establishment 
of  the  pulse  of  large  duration  ty= 2,20  is  always  more  than  the  time  of 
the  establishment  of  the  pulse,  whose  duration  is  less  than  t3.  With 
the  high  values  of  t3  these  times  can  be  incommensurable.  . 

Very  frequently,  however,  values  r  and  t3  have  identical  order 
(for  example,  in  traveling-wave  amplifiers).  Above  has  already  been 
indicated  that  for  the  pulses  of  large  duration  is  observed  an 
increase  of  the  amplitude  of  oscillations  in  l/(l-m)  times  due  to  the 
use  of  wake  current.  This  fact  cannot,  however,  compensate  for  an 
increase  in  the  time  of  establishment. 

Page  92. 

Let  us  introduce  a  certain  value  (equivalent  to  the  area  of 
amplification),  which  is  the  ratio  of  gain  in  the  amplitude  of 
oscillation  due  to  the  use  of  wake  current  to  the  time  of  the 


establ ishment: 
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(2.13) 


For  pulses  of  short  duration  this  value  is  equal  to  Let  us 

assume  in  formula  (2.13)  t3  =  0,  then  value  2'2*  will  be  the  time  of 

I  —  tfl 

the  establishment  of  pulse  in  the  re-generative  amplifier  without  the 
time  lag.  It  is  obvious  that  in  this  case  A=l/2.2r,  i.e.,  no  gain  in 
the  area  of  amplification  it  is  obtained.  With  any  t3,  different  from 
zero,  value  A  is  still  less,  i.e.,  the  introduction  of  time  lag  only 
increases  the  distortions  of  pulse,  evaluated  on  generalized  envelope. 


Let  us  turn  now  to  spectral  characteristics  of  ring.  Let  us 
assume  for  simplicity  that  K0=l,  and  let  us  drop/omit  the  time  lag  of 
pulse  in  transit  through  the  channel  of  direct  feed,  i.e.,  will  accept 
expression  for  the  complex  transmission  factor  in  the  form 


/C(«o)  =  V 


(2.14) 


Since  m<l,  then  series/row  (2.14)  converges  and 


K  (<o)  = - ^7T‘ 

1  —  me 


Modulus  of  this  expression,  i.e.,  amplitude- frequency 


characteristic  of  ring 


K  («»)  = 


V\  +  m *  —  2m  cos  »/,  ’ 


(2.15) 


is  periodic  function  of  frequency. 
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Fig.  2.5.  Amplitude- frequency  characteristics  of  single  ring  with 
unlimited  passband  of  internal  circuit:  a)  in  usual  and  b)  in 
logarithmic  scales. 

Page  94. 

With  m>0  at  frequencies  this  characteristic  passes  through 
maximums , 

K  1 

/Vm*kc=  ■) - , 

l  —  m* 


but  at  frequencies  ?*— 1 


-  through  the  minimums 
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Example  of  amplitude-frequency  characteristic  of  ring,  which 
possesses  unlimited  passband  of  internal  circuit,  is  given  in  Fig. 

2.5.  It  takes  the  characteristic  comb  form. 

Phase-frequency  characteristic  of  ring  can  be  found  from  (2.14) 
and  is  represented  in  the  form 

y  (<d)  =  —  arc  tg  -  -  — ,ln-?'3  .  (2.16) 

Phase-frequency  characteristic  of  ring  for  case  of  m>0  is  shown 
in  Fig.  2.6. 
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Fig.  2.6.  Phase-frequency  characteristics  of  single  ring  with 
unlimited  passband  of  internal  circuit. 
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Graphs/curves  given  in  Fig.  2.5  and  2.6  do  not  make  it  possible 
to  judge  that,  are  suitable  data  of  system  for  distorted  transmission 
of  pulses.  In  Fig  2.5  amplitude- frequency  characteristics  of  ring  are 
given  for  several  values  of  the  factor  of  feedback  m. 


With  small  m  amplitude-frequency  characteristic  is  more  smoothed. 
Decrease  m  in  connection  with  the  ring,  formed  by  the  section  of  long 
line,  indicates  an  improvement  in  the  agreement  of  line  with  the  load. 
However,  the  examination  of  the  transient  responses  of  ring,  given 
earlier,  shows  that  the  conditions  for  the  transmission  of  the  pulses, 
whose  duration  is  less  than  t5,  do  not  change  from  that,  the  value  of 
the  factor  of  feedback  more  or  less  is  undertaken. 


DOC  *  88076706 


PAGE  ^ 


Spectral  characteristics  of  ring,  given  in  mentioned  above  Fig. 
2.5  and  2.6,  are  static  characteristics.  In  order  to  be  introduced  to 
its  dynamic  characteristics  and  to  explain  the  process  of  the 
formation  of  static  characteristics,  let  us  turn  to  the  diagram  of  the 
substitution  of  ring.  In  order  to  construct  this  diagram,  we  will  use 
expression  (2.6).  According  to  this  expression  the  oscillation  at  the 
output  of  ring  is  the  infinite  sequence  of  pulses.  The  first  pulse  is 
formed  by  the  input  pulse,  which  passed  only  along  the  channel  of 
direct  feed,  the  second  -  by  pulse,  which  passed  from  the  input  to  the 
output  along  the  channel  of  direct  feed  and  which  completed  one 
additional  cycle  of  rotat ion/access  on  the  closed  loop  of  feedback, 
the  third  -  by  pulse,  which  completed  two  cycles  of  rotation/access 
and,  etc. 


On  the  basis  of  mechanism  of  work  of  ring  described  above,  it  is 
possible  to  represent  its  equivalent  circuit  in  the  form,  shown  in 
Fig.  2.7.  This  diagram  consists  of  quadrupole  K,  which  replaces  the 
channel  of  direct  feed,  and  the  infinite  series  of  the  circuits,  which 
replace  the  channel  of  the  reverse/inverse  supply  B.  Let  us  write 
expression  for  the  complex  transmission  factor  of  the  equivalent 
circuit,  which  consists  of  the  N  branches: 


t  iV 
I  —  me  * 


—  me  • 
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Modulus  of  this  expression,  i.e.,  equation  of  amplitude- frequency 
characteristic,  takes  form 


K(N, 


I  +  wglV  —  2mN  cos  Nnlj 
1  m*  —  2m  cos  W, 


Form  of  amplitude- frequency  characteristic  of  equivalent  circuit 
depends  on  N;  with  N~<*>,  as  it  is  not  difficult  to  see,  K(N,  u)  accepts 
form  (2.15)  (mN -*■  0  with  N“®. 

In  fig  2.8.  amplitude-frequency  characteristics  of  equivalent 
circuit,  which  contain  one,  two,  are  shown,  three  and  more  than 
branches.  It  is  possible  to  examine  these  curves  just  as  separate 
stages  of  the  formation  of  the  stationary  amplitude- frequency 
characteristic  of  ring.  In  the  period,  which  does  not  exceed  t,, 
amplitude-frequency  characteristic  is  the  straight/direct,  parallel 
axes  of  abscissas,  i.e.,  system  is  nondistorting.  To  its  output  the 
oscillations/vibration/oscillations,  which  completed  one,  two,  begin 
to  come  in  proportion  to,  three  and  more  than  cycles  on  the  internal 
loop  of  feedback,  the  form  of  amplitude-frequency  characteristic 
changes.  The  maximums  and  the  minimums  appear  at  the  characteristic; 
in  the  course  of  time  the  maximums  increase,  and  failures/dips/troughs 
between  them  become  deeper.  With  the  unlimited  increase  of  time 
ampl itude- frequency  characteristic  how  conveniently  closely  approaches 
the  characteristic  of  steady  state,  from  the  graphs/curves  given  the 
role  of  the  dynamic  characteristics  of  the  systems,  which  actually 


DOC  *  88076706 


I6*f 

PAGE 


determine  the  distortions  of  the  pulses  of  different  duration,  here 
becomes  clear. 


i 

a 
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Fig.  2.7.  Diagram  of  substitution  of  single  ring  by  broken  circuits. 
Page  97. 

Let  us  turn  now  to  case,  when  ring  has  limited  passband,  so  that 
transmission  factor  of  internal  circuit 


R 


(u>)  =  me 


_ l _ 

l  +  /<•»*  * 


After  using  known  formula  for  complex  transmission  factor  of 
device/equipment  with  feedback 


it  is  possible  to  obtain 


*(•)  = 


i 

i 


K  (•)  =  • 


i 


I  +  jmx  —  me 


Modulus  of  transmission  factor 


ft(y)=-7=-  1  _ ^ - ,  (2.17) 

V  I  +  ml  +  y*  —  2m  }f]  +  y'  cos  6  (y) 

y  =  <Mx\  xa  —  -I-;  0  (»/)  =  —  (arc  tg  y  +  x3y). 


where 


1 


I 
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Fig.  2.8.  Process  of  formation  of  ampl itude- frequency 
characteristics  of  single  ring. 
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Page  98. 

When  in  ring  layout  of  integrating  component/1 ink  is  present,  its 
amplitude-frequency  characteristic  will  no  longer  be  periodic  function 
of  frequency.  The  maximums  of  characteristic  are  arranged/located  not 
at  equidistance,  but  their  value  decreases  with  an  increase  in  the 
frequency.  The  frequencies,  at  which  occur  the  maximums,  can  be 
determined  from  the  equation 


arc  tg  y  -f-  x,y  =  2k «. 
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Fig.  2.9.  Amplitude- frequency  characteristics  of  single  ring, 
passband  of  internal  circuit  of  which  is  limited  in  region  of  higher 
frequencies:  a)  for  tj/r*20;  b)  for  t,/r=100. 
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Envelope  of  maximums  of  characteristic 


K(y)  = 


i _ 

V  i  +  if*  —  « 


It  is  easy  to  see  that  envelope  of  maximums  decreases  with 
increase  in  frequency  more  rapidly  than  transmission  factor  of  filter. 
This  is  explained  by  the  fact  that  at  frequencies,  which  correspond  to 
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maximum  values,  in  the  ring  operates  purely  the  positive  feedback, 
which  amplifies  the  nonuniformity  of  characteristic. 

Fig.  2.9  gives  amplitude-frequency  characteristics  of  ring  with 
positive  delayed  feedback,  which  contains  low-pass  filter.  Fig.  2.9a 
corresponds  to  the  case,  when  t,/r=20,  while  Fig.  2.9b  -  when 
t3/r=100.  In  both  cases  of  m=0.9.  The  disturbance/breakdown  of  the 
equidistance  of  the  maximums  and  minimums  is  developed  the  stronger, 
the  less  x3. 

Let  us  determine  passband  of  ring  on  enveloping 
amplitude-frequency  characteristic.  After  assuming 

i  —  i  1 _ 

Y  '  +  ifrp-  m  V~ 

tfrp5=Vr[j/2'-w(/2- !)]•  — 1 
Qrp  =  o.rp/l  -1,17m  +  (2.18) 


let  us  find  that 


or  approximately 


where  wrp  -  the  cut-off  frequency  of  filter. 

Dependence  of  relation  Qrp/un>  on  m  is  given  in  Fig.  2.10.  It 
follows  from  the  graph/curve  that  the  passband  of  ring  is  the  less, 
the  nearer  m  to  one,  and  it  becomes  zero  with  m=l . 

For  practice  there  is  great  interest  in  possibility  of 
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evaluation/estimate  of  distortions  of  shape  of  pulse  according  to 
static  amplitude- frequency  characteristics.  In  the  general  case  the 
solution  of  this  problem  is  very  complicated,  but  some  recommendations 
can  be  expressed  for  the  example  of  single  ring  in  question.  Formula 
(2.18)  makes  it  possible  to  rate/estimate  the  filter  pass  band,  which 
stands  in  internal  circuit  of  ring  i»rp.  if  are  known  Qrp  and  m. 

Page  100. 

Value  i!n>  can  be  determined  on  the  enveloping  stationary 
amplitude- frequency  characteristic  of  ring,  and  m  -  through  the 
relation  of  the  first  maximums  and  minimums  of  characteristic 
according  to  the  formula 

-  Km,  kc  —  Kmiih 

Km.  lie  +  K  MMS 

After  determining  value  0)rfi  let  us  find  time  of  establishment  of 
pulse,  whose  duration  is  less  t3\  /y=2,2/«rp- 

2.3.  DISTORTIONS  OF  THE  SHAPE  OF  PULSES  WITH  THE  PASSAGE  ALONG  THE 
TRANSMISSION  LINES  WITH  THE  THE  DISCRETE/DIGITAL  TO  IRREGULARITIES 
ENDTITLE. 


In  preceding/previous  sections  of  present  chapter  were  examined 
conditions,  with  which  was  possible  undistorted  transmission  of  pulses 
through  transmission  lines  with  discrete/digital  heterogeneities,  and 
general/common  properties  of  loop  circuits  are  also  analyzed. 
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Fig.  2.10.  Dependence  of  relative  passband  of  ring  on  value  of  factor 
of  feedback. 

Page  101 . * 

Let  us  pause  now  at  a  question  about  the  distortions  of  pulses,  during 
their  propagation  concerning  the  transmission  lines  due  to  the 
discrete/digital  heterogeneities  in  the  lines.  Such  heterogeneities 
can  be  formed  as  a  result  of  a  change  in  the  distance  between  the 
conductors  of  the  line,  presence  of  the  insulating  washers  and  other 
reasons . 

Let  us  examine  first  simple  case,  when  heterogeneity  in  line  is 
caused  by  change  in  its  wave  impedance.  Let  the  line  characteristic 
in  section/segment  [0,  x,]  be  equal  p0, 


in  the  section/segment  [xlf 


PAGE 
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Xj]  is  equal  to  p  and  with  x>x2  is  again  equal  p0.  Value  p  can  be 
both  more  and  it  is  less  p„. 

Fig.  2.11  shows  law  of  change  in  line  characteristic  for  case 
p>p0.  The  section  of  line  [x2,  x2]  is  single  ring.  It  is  easy  to  see 
that  for  the  wave,  which  is  propagated  from  left  to  right,  the 
reflection  coefficients  at  points  x2  and  x2  are  equal  in  magnitude  and 
are  reverse/inverse  on  the  sign,  and  therefore 

Ac  —  ( 1  —  P‘)  e~'/,/<*,\  (2.19) 

Here  in  AK  are  taken  into  consideration  two  passages  of  signal 
through  heterogeneity  in  contrast  to  formula  (2.7).  Time  of  landing 
run  along  the  line  in  the  section  [xx,  x2]  is  marked  through  V2t2. 

For  the  waves  reflected,  which  circulate  within  the  ring,  the 
reflection  coefficients  at  points  x2  and  x2  are  identical,  and 
therefore 


1 
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Fig.  2.11.  Example  of  abrupt  change  in  line  characteristic  of 
transmission. 

Page  102. 

On  the  basis  of  formula  (2.19)  it  is  possible  to  write  following 
expression  for  transient  response  of  line,  which  contains 
heterogeneity: 

«=  1 

With  passage  of  square  pulse  through  heterogeneity,  frontal  part 
of  pulse  is  distorted,  taking  stepped  form,  as  it  was  shown  in  Fig. 
2.2.  The  pulse  amplitude  in  this  case  does  not  change,  since  the 
steady-state  value  of  transient  response  is  equal  to  one,  since 

£p""->=T=y 

Step  function  approximately  it  can  replace  with  exponential, 
after  defining  latter/last  as  envelope 


Thus,  if  we  judge  by  envelope,  square  pulse  will  be  distorted 
then,  as  if  into  transmission  line  was  included/switched  on  certain 
capacity/capacitance  c0»-  Time  constant  of  capacity/capacitance 
t=-7rP<A>e-  Equalizing  values  r  and  -toe.  it  is  possible  to  find  the  value 
of  the  equivalent  capacity/capacitance: 


Page  103. 

Time  of  establishment  of  pulse  after  passage  of  heterogeneity 

/y-2,2tu0. 


For  determining  value  x00  it  is  possible  to  use  graph/curve, 
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given  in  Fig.  2.12,  in  which  is  given  dependence  *oe=/(p/p,)  for 
different  values  of  t,  [16].  It  is  evident  from  the  graph/curve  that 
the  equivalent  time  constant  depends  substantially  on  the  ratio  p/p,. 


If  heterogeneity  is  caused  by  presence  in  line  of  insulating 
washer  with  dielectric  constant  e  and  by  length  l,  then 


**oe  — 


i  kT 


1c  In 


1  -  Vt_ 
1  +  /« 


It  is  taken  into  consideration  during  derivation  of  this  formula 
that  p  — a  ta  where  c=3*10ls  cm/s.  Calculation  shows  that  with 

r  *  c  ’ 

1  =  5  mm  and  «  =  2-r-2,5  -c00=  13,4- 18  s. 

Jump  of  wave  impedance  appears  with  curvature  of  strip 


transmission  lines. 


DOC  -  88076707 


I  H  J 


Fig.  2.12.  Dependence  of  equivalent  time  constant  on  relation  of  wave 
impedance  of  adjacent  sections  of  line  for  different  values  of  time 
lag. 

Key :  ( 1 ) .  ...  ns . 

m 

Page  104. 

Fig.  2.13  show  two  cases  of  the  curvature  of  line.  The  wave  impedance 
of  the  bent  part  of  the  line 

p=p.[i±— (xrsr)  I’ 

where  p0  -  wave  impedance  of  straight  line; 
a  -  width  of  ribbon  conductors; 

R i  and  R,  -  bending  radii. 

Positive  sign  in  formula  corresponds  to  Fig.  2.13a,  and  negative 
-  Fig.  2.13b.  Substituting  this  expression  into  the  formula  for 
determining  the  time  constant,  let  us  find  that 
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where  R =-!*-(/?> +  **»)• 


For  determining  time  lag  it  is  necessary  to  know  average/mean 
length  of  curvature  of  line  /Cl>==-|-/?  and  wave  propagation  velocity  in 
line  v.  Then  /3  =  /cp/y.  The  dependence  of  value  Xoe/ta  from  ratio  R/a  is 
given  in  Fig.  2.14.  Knowing  this  value  and  delay  time  t3,  it  is 
possible  to  find  equivalent  time  constant.  For  example,  with  R=2  cm 
and  «  =  2  /3—  1 ,5 •  10~ 10  s.  if  R/a  varies  from  0.5  to  5,  then 
xoe=50.l0-ia-i-21  -10-”  s. 

Analogous  phenomenon  occurs,  also,  with  curvature  of  coaxial 
cable.  The  wave  impedance  of  the  bent  part  of  the  cable 

'='•['  -(&)’]• 

where  D  -  diameter  of  external  conductor; 

R  -  bending  radius. 

Relation  will  take  form; 


t. 


in  |  (4)'  - 1 


After  accepting  R/D=5,  we  obtain  l^=o,l2,  approximately  the  same 
value,  as  for  strip  line. 
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Formulas  given  in  present  section  and  graphs/curves  make  it 
possible  to  rate/estimate  effect  of  discrete/digital  heterogeneities 
on  transmission  of  nanosecond  pulses. 


Action  only  of  single  heterogeneity  above  was  examined;  in  many 
cases  of  such  heterogeneities  there  can  be  sufficiently  much. 
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Fig.  2.13.  Forms  of  curvature  of  strip  transmission  line. 


Fig.  2.14.  Dependence  of  value  w//,  from  ratio  R/a.  The  curves  a  and 
b  correspond  to  strip  lines  with  the  different  curvature  (Fig.  2.13a 
and  b) . 
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In  this  more  complicated  case  they  proceed  from  the  following 
considerations.  Fundamental  oscillation  and  wake  current  is  obtained 
with  the  passage  of  the  pulse  oscillation  through  the  distributed 


i 
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system  with  the  discrete/digital  heterogeneities  at  its  output.  If 
wake  current  is  not  superimposed  on  the  fundamental  oscillation,  which 
occurs  when  the  pulse  duration  is  less  than  doubled  time  of  landing 
run  between  the  nearest  heterogeneities,  then  time  constant 

■*o*  =  l/V,1  +■»!,,  +  '*!.,  +  •••  +  ‘toeAM 

where  r„t.|,  t,**,  Toe3. ...  -  time  constants  of  individual  heterogeneities. 

Present  formula  is  consequence  of  fundamental  limit  theorem  of 
probability  theory  and  assumes  independence  of  action  of 
heterogeneities. 

But  if  wake  current  is  superimposed  on  fundamental  oscillation, 
then  calculation  of  distortions  of  pulses  becomes  considerable  more 
complicated.  In  this  case  it  follows  to  first  calculate  fundamental 
oscillation  and  wake  current  on  the  assumption  that  they  are  spread  on 
the  time,  and  then  to  use  the  principle  of  superposition.  It  is 
necessary  to  keep  in  mind  that  component/term  of  wake  current,  which 
arrive  at  the  later  moments  of  time,  are  usually  strongly  they  are 
weakened,  which  simplifies  the  calculation  of  distortions.  The 
calculation  of  the  distortions  of  the  shape  of  pulse  due  to  the  action 
of  wake  current  is  examined  in  chapter  9  in  connection  with 
traveling-wave  amplifier.  The  more  general  case  is  analyzed  into 
[35],  where  the  method  of  calculation  of  the  effect  of 
heterogeneities,  convenient  for  using  the  digital  computer,  is 
presented. 
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2.4.  TRANSFORMATION  OF  PULSES. 


One  of  most  widely  used  forms  of  conversion  of  pulse  oscillations 
is  conversion,  which  consists  in  multiplication  of  oscillation  by 
constant  value  K„  and  bias/displacement  along  time  axis  to  the  right 
on  t,.  This  form  of  conversions  includes  the  transformation  of 
oscillations,  inversion,  weakening,  amplification,  the  time  lag, 
transmission  along  the  channels  of  communication,  etc. 

Page  107. 

All  enumerated  conversions  of  oscillations  occur  without  a  change  (or 
without  the  distortion)  in  their  form. 

In  series/row  of  similtude  one  of  first  places  occupies 
transformation.  It  is  used  for  impedance  matching,  increase  or 
decrease  in  the  voltage/stress  of  pulse  oscillations,  inversion  of  the 
pulses  and  other  targets  [36].  In  the  low-voltage  devices/equipment 
of  nanosecond  range  (blocking  oscillators,  amplifier-limiters  on 
transformers,  etc.)  miniature  peak  transformers  on  the  ferrites  are 
utilized.  These  transformers  have  the  very  small  inductance  of 
magnetization  and  small  geometric  dimensions,  in  consequence  of  which 
their  parasitic  parameters  (self-capacitance  and  leakage  inductance) 
are  also  very  small,  and  passband  -  sufficient  for  the  undistorted 
transmission  of  pulses  nanosecond  duration.  To  deficiencies  in  such 
transformers  should  be  related  their  inadequacy  for  the  transformation 
of  high-amplitude  pulses.  (Similar  transformers  are  examined  further 
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in  Chapter.  6). 

Widest  use  in  nanosecond  pulse  technique  received  transformers 
with  distributed  parameters.  These  transformers  make  it  possible  to 
transform  high  voltages  and  high  currents,  they  possess  sufficiently 
wide  passband.  By  the  advantage  of  transformers  with  the  distributed 
parameters  is  the  fact  that  their  geometric  dimensions  decrease  in 
proportion  to  the  decrease  of  the  duration  of  the  transformed  pulses. 
Simplest  of  the  transformers  with  the  distributed  parameters  is  the 
section  of  the  long  line,  whose  parameters  change  along  the  length 
according  to  any  law.  Examples  of  such  devices/equipment  were  already 
examined  earlier  in  the  first  chapter.  Non-uniforms  circuit  as 
transformers  are  inconvenient  in  a  number  of  cases  due  to  their  large 
geometric  dimensions.  Therefore  such  transformers  for  decreasing  the 
overall  dimensions  frequently  are  manufactured  in  the  form  of  spiral 
with  the  variable  step/pitch  (the. so-called  spiral  transformers). 

For  transformation  of  pulses  can  be  utilized  also  distributed 
systems,  in  which  parameters  are  changed  not  continuously,  but  it  is 
abrupt . 

Page  108. 

An  example  of  transformer  in  the  form  of  the  distributed  system  with 
the  discrete/digital  heterogeneities  is  the  stepped  transformer,  which 
is  the  line,  whose  wave  impedance  is  changed  abruptly,  for  example 
being  raised  from  the  beginning  of  line  toward  the  end.  In  this 
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system  output  potential  is  raised  with  respect  to  the  voltage  on  the 
input.  Stepped  and  spiral  transformers  have  the  deficiency,  that  they 
cannot  realize  an  inversion  of  the  phase  of  pulse  oscillations.  The 
inverters  and  the  transformers,  formed  by  the  sections/segments  of 
coaxial  cable,  are  used  for  this  purpose.  A  change  in  the  order  of 
the  connection  of  the  central  core  of  cable  and  braid/cover  at  the 
output  in  comparison  with  the  order  of  their  connection  at  the  input 
makes  it  possible  to  carry  out  a  change  in  the  pulse  polarity.  But  if 
to  connect  two  or  is  more  than  cables  at  the  input  in  parallel,  and  at 
the  output  consecutively/serially,  then  it  is  possible  to  obtain  the 
step-up  peak  transformer,  the  transformation  ratio  of  which  is  equal 
to  the  number  of  connected  cable  segments. 

2.5.  SPIRAL  TRANSFORMER. 

Spiral • transformers  (Fig.  2.15)  in  structural/design  sense  are 
tube  from  insulation  1,  which  possesses  low  losses,  to  which  is 
plotted/applied  spiral  with  variable  step/pitch  of  2.  Spiral  is 
surrounded  by  metal  screen/shield  3,  which  the  external  conductor 
forms.  Both  spiral  and  screen/shield  must  be  made  from  material  with 
the  low  ohmic  resistance  in  order  as  far  as  possible  to  decrease  the 
transformer  losses. 


DOC  =  88076707 


n*t 

PAGE 


Fig.  2.15.  Section  of  spiral  transformer:  1  -  dielectric  tube;  2  - 
spiral;  3  -  screen/shield. 
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It  is  possible  to  consider  during  production  of  transformer  from 
materials  with  low  losses  that  properties  of  transformer  are 
characterized  only  by  linear  capacity/capacitance  and  linear 
inductance,  which  determine  wave  impedance  of  spiral.  The  wave 
impedance  of  spiral  can  be  determined  according  to  following  formula 
[37]: 


where 


p=*  t-  j/  -  (-£-)'] ln  !r 


u o  and  c0  -  magnetic  and  dielectric  constants  of  free  space; 

k  -  relative  dielectric  constant  of  the  dielectric,  which  fills 
space  between  the  spiral  and  the  screen/shield; 

t  -  spiral  pitch  {  '/t  -  number  of  turns  per  unit  of  length); 
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Rx  -  radius  of  spiral; 

R,  -  radius  of  screen/shield. 

Optimum  value  of  ratio  of  radius  of  screen/shield  to  radius  of 
spiral  is  equal  to  2.06.  Thus,  in  the  optimum  version 

p=-  0,44a-’-. 

r  T 

After  assigning  a  value  of  input  resistance  P.*  and  a  radius  of  spiral 
R j ,  it  is  possible  from  the  preceding/previous  formula  to  find  spiral 
pitch  on  the  input  of  the  transformer: 

tbx  —0,44a 

Spiral  pitch  at  the  output  of  the  transformer 

,Bblx==0,44ap^’ 

where 

Pbmx  == 

but  n  -  transformation  ratio. 

Change  in  level  of  wave  impedance  to  turn  7  determines  value  of 
distortions  of  pulse  apex.  Usually  they  are  assigned  by  this  value  in 
the  limits  from  1  to  5%.  Knowing  total  variation  in  the 
resistor/resistance  along  the  length  of  spiral,  equal  to  the  square  of 
transformation  ratio,  is  easy  to  find  the  number  of  turns  N. 

Page  110. 


The  axial  length  of  exponential  helix  from  the  U  turns  is  found  by  the 
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formula 


•  _  i  —  g— 2k/?,7^ 


Formulas  given  above  make  it  possible  to  conduct  engineering  of 
transformer  with  distributed  constants. 

In  work  [37]  constructions/designs  of  two  spiral  transformers  are 
described.  One  of  them  had  a  spiral,  prepared  from  the  wire,  and 
another  -  from  the  tape  of  variable  width.  Transformers  were 
structurally  connected  with  hydrogen  thyratron.  feata  of  these 
transformers  are  visible  from^Table  2.1. 

In  table  they  are  given:  d  ~  diameter  of  wire,  h  -  thickness  are 
flight,  6  -  clearance  of  strip/tape  spiral,  m  -  ratio  of  axial  length 
of  spiral  to  length  of  wire,  7  -  change  in  level  impedance  to  turn. 

Fig.  2.16  depicts  oscillograms  of  pulses  at  input  and  output  of 
transformer,  which  testify  about  its  broad-band  character.  At  the 
input  of  transformer  the  pulse  duration  in  foundation  is  equal  to 
approximately  14  ns,  while  at  the  output  -  about  19  ns.  The 
spread/scope  of  positive  pulse  at  the  input  is  3500  V,  and  at  the 
output  8600  V.  As  can  be  seen  from^able  2.1,  wire  and  strip/tape 
transformers  have  approximately  identical  indices. 
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Table  2.1. 


(•^riapaMeTphi 

TpaHc<J>opMaTopa 

npOBO^OMHaH 

cnHpaJib 

^JleHTomian 

cnHpa.ib 

/?,,  MM 

19,45 

22,30 

R7,  MM 

37.2.3 

37,23 

d,  MM 

1,62 

— 

ll,  MM 

— 

0,07 

6,  MM 

— 

0,25 

M 

1,74 

2,22 

m 

1/14,4 

1  14,2 

N 

210 

230 

Y  */• 

1 

0.9 

P.I,  OM 

290 

145 

P  .  u  x ,  OM 

1590 

1070 

Key:  (1).  Parameters  of  transformer.  (2).  Wire  helix.  (3). 

Strip/tape  spiral. 
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Difference  lies  in  the  fact  that  the  transformers  with  the  strip/tape 
spirals  are  more  convenient  for  low-level  obtaining  of 
resistor/resistance. 


Yu.  S.  Belozerov  [22]  carried  out  investigation  of  distortions 
of  shape  of  pulses,  and  also  analysis  of  amplitude-frequency  and 
dispersive  characteristics  of  spiral  transformers  of  round  and 
rectangular  cross  sections  (Fig.  2.17).  Calculation  data  of 
transformers  are  given  in  "fhble  2.2.  In  the  circular  transformers  the 
law  of  a  change  of  spiral  pitch  is  accepted  by  such,  with  which  the 

wave  impedance  of  spiral  changes  exponentially.  The  law  of  a  change 

\ 

of  spiral  pitch  in  the  rectangular  transformers  is  shown  in  Fig.  2.18. 
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Fig.  2.16.  Oscillograms  of  pulses  at  input  (a)  and  output  (b)  of 
spiral  transformer. 


Fig.  2.17.  Constructions/designs  of  spiral  transformers:  a) 
rectangular  and  b)  circular  of  sections. 

Page  112. 

The  number  of  transformer  according  to  Table  2.2  indicates  number 
under  the  curve.  Air  was  insulation  in  transformer  No  1,  and  in  the 
rest  -  polyethylene.  Spirals  were  coiled  from  the  copper  wire,  and 
screen/shield  was  manufactured  from  brass. 

Measured  values  of  resistors/resistances  and  transformation  ratio 


are  given  in  Tab]«2.3. 
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Fig.  2.18‘.  Dependence  of  step/pitch  of  coil/winding  on  axial  length 
of  spiral  for  different  types  of  transformers. 


Table  2.2. 


(Ala 


lapaMerpw 
TpaHc4>opMaTop« 


n 

IX.  OM 

ax.  OM 
MM 
MM 
I,  MM 
„  HCCfCK?) 
*»  MM 
ui.  MM 


a i 


(.^Kpyr.iwe 

HpjiMoyro.ibMiae 

TpaHC(>Op»«ITOpbJ 

TpaHOfcopsMTOpw 

m  i  | 

Jw  2 

M  3  | 

to  4 

M  5 

2 

2.3 

_ 

_ 

— 

240 

145 

— 

— 

— ■ 

960 

765 

— 

— 

— " 

5 

4,75 

— 

— 

— 

10 

1100 

6.9 

1000 

1000 

1000 

1000 

40 

60 

160 

214 

284 

5 

4.75 

4.8 

4.8 

4,8 

1 

0,5 

0,35 

0,35 

0,35 

375 

390 

453 

611 

810 

1 

2,25 

2.25 

2.25 

2,25 

0,5 

0,25 

0,15 

0,15 

0.15 

30 

30 

30 

_ 

35 

35 

35 

_ 

_ 

4 

4 

4 

— 

— 

9 

9 

9 

Key:  (1).  Parameters  of  transformer.  (2).  Circular  transformers. 


(3).  Rectangular  transformers.  (4).  ns. 
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With  the  aid  of  rectangular  transformers,  which  have  identical 
transformation  ratio,  but  different  delay,  were  investigated 
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distortions  of  shape  of  rectangular  pulse  depending  on  electrical 
length  of  transformer.  The  pulse,  supplied  to  the  input  of 
transformer,  had  flat/plane  apex/vertex;  the  pulse  duration  was  60  ns 
for  the  duration  of  front  8.5  ns.  The  results  of  measurements  are 
given  in  Tfcble  2.4. 

In"fable  2.4  T0  indicates  delay  time,  g  -  decay  in  flat/plane 
part  of  pulse. 

It  follows  from  Table  2.4  that  with  an  increase  in  electrical 
length  of  transformer,  which  is  characterized  by  delay  factor  T0,  it 
begins  to  transform  lower-frequency  components  of  pulse  spectrum, 
which  leads  to  decrease  of  decay  in  pulse  apex  g.  The  high-frequency 
distortions,  connected  with  an  increase  in  the  losses  and  an  increase 
of  phase  distortions  with  an  increase  in  the  electrical  length  of 
transformer  at  the  same  time  grow/rise. 

For  evaluation  of  effect  of  ohmic  losses  and  phase  distortions 
ampl itude- frequency  and  dispersive  characteristics  of  transformers 
were  plotted.  Measurements  showed  that  the  delay  time  of  transformers 
barely  depends  on  frequency,  i.e.,  dispersion  virtually  is  absent. 

The  same  result  is  obtained  also  from  the  theoretical  calculations. 

The  measurements  of  the  passband  of  transformers  showed  that  it  has 
value  on  the  order  of  250  MHz. 

Distortions  of  pulse  edge  transformer  No  2  are  given  in  Table 

<2.5- 


DOC  *  88076707 


PAGE  ^ 


Table  2.3. 


ur 

HoJM'P  Tp.mc- 

ipupMaiopa 

P*U  X' 

OM 

P.x* 

OM 

ft 

| 

850 

220 

1 ,97 

‘> 

050 

120 

2,08 

1000 

150 

2,92 

4 

1300 

150 

2,92 

5 

1300 

150 

2,92 

Key:  (1).  Number  of  transformer. 

Table  2.4. 


i  piiHCiJi^p'i^Topa 

(^Homcp  TpaHC(Jiop- 
waTopa 

3  \  4  1  5  _ 

(i) 

T,.  HCCK 

il  0  o 

4,  HCrK® 

100 

20 

13 

215 

12  I 

14 

284 

G 

15,5 

Key:  (1).  Parameters  of  transformer.  (2).  Number  of  transformer. 

(3).  ns. 


Table  2.5. 


(W  1 

U  .«•  H9CK 

i  o 

4 

i\ 

4 

3 

|  4,7 

G  ,7 

Key:  (1).  ns. 
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Of  aforesaid  it  above  follows  that  spiral  transformers 
successfully  can  be  used  for  transformation  of  nanosecond  pulses. 


2.6.  STEPPED  TRANSFORMER . 
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Together  with  simplest  single  rings,  whose  analysis  was  carried 
out  in  second  section,  in  pulse  technique  are  utilized  systems  with 
distributed  parameters  with  large  number  of  heterogeneities.  For 
example,  such  systems  stepped  transformer  and  traveling-wave  amplifier 
are.  Stepped  transformer  is  the  line,  whose  wave  impedance  abruptly 
changes  at  points  xlf  x2,  x2  ....  Traveling-wave  amplifier  is 
fulfilled  in  the  section  of  the  line,  in  which  at  points  xx,  x2,  x2 
...  are  connected  the  tubes.  Such  devices/equipment  are  the  system 
or  the  intersected  rings,  schematically  shown  in  Fig.  2.19.  System 
consists  of  Q  components/1 inks  K,  included  by  P  by  feedback  loops  B. 
The  number  of  channels  of  feedback  and,  therefore,  the  number  of  rings 
is  equal  to  sum  of  Q  of  the  first  members  of  the  natural  series  of  the 
numbers: 

p  =  4-Q(Q+  1). 

Let  us  assume  for  simplicity  of  analysis  that  all 
components/1 inks  of  channel  of  direct  feed  are  identical  and  are 
rated/estimated  by  complex  transmission  factors  K. 
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Fig.  2.19.  Diagrammatic  representation  of  system  of  intersected 
rings. 
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The  feedback  loops,  which  encompass  the  identical  number  of 
components/ links ,  let  us  also  place  by  their  identical  and  we  will 
rate/estimate  complex  transmission  factors  Blf  Blr  B,,  where  the  index 
indicates  the  number  of  included  by  this  circuit  components/1 inks . 

Voltage  on  input  of  system  of  intersected  rings 

=  +  (2-21) 

<7=1 

is  composed  of  voltage/stress 'll,  and  voltages/stresses,  which  enter 
from  output  of  the  first,  the  second,  the  third  and  so  forth  of 
components/1 inks.  In  turn, 

V v  =  R«UB1  =  K  A„ .  (2.22) 

where  Aj-,  -  complex  transmission  factor  of  loop  circuit,  which 
contains  (q-1)  component/1 ink  in  the  channel  of  direct  feed; 

Rq  -  transmission  factor  of  internal  circuit  of  system  from  q 


components/1 inks . 
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Substituting  expression  (2.20)  in  (2.9)  we  obtain 


whence 


and 


where 


or 


u BX  - KAq _xB„ j U„  =  Ut,  (2.23) 


/;  _  U, 

^  I1X  - - - - 


1- V  KA,.tBq 

q=l 


U 


KAq_\U0 


BL1X -  (J 

^  m  FT 

4 


1  —  >  , 


T 

/*Q  —  Q 


1  • —  ^  - 1^1/ 

M 

«  -» 


(2.24) 


_  00  f  Q  »  r 

*V.E 

»=■  U=i  j 
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Passing  from  complex  transmission  factors  to  transient  responses, 
we  will  have 

00  f  Q  -4  l/t— II 

V =  K  ,  ■ «  £  l  £  K  *  A,. . ,  *  BA  ’  (2.25) 

where  sign  #  —  symbol  of  fold  of  Stieltjes  [38],  and  [n-1]  indicates 
multiplicity  of  repetition  of  operation  of  fold. 

Expression  (2.25)  is  recursion  formula  for  transient  response  of 
system  of  intersected  rings.  In  order  to  determine  the  shape  of 
pulses  at  the  output  of  stepped  transformer  or  traveling-wave 
amplifier,  expression  (2.25)  can  be  substantially  simplified.  If 
device/equipment  works  under  these  conditions,  during  which  the  pulse 
duration  is  less  than  doubled  time  of  landing  run  along  one  section, 
then  for  such  pulses  the  equation  of  transient  response  will  be 

AQ  =  Kn+", 

where  K  -  the  transient  response  of  one  component/1 ink. 

Without  concerning  thus  far  question  about  effect  of  wake 
current,  let  us  examine  passage  of  main  impulse.  Stepped  transformer 
is  schematically  depicted  on  Fig  2.20.  It  is  the  line,  which  has  N  of 
heterogeneities  (jump  of  wave  impedance).  Let  us  designate  reflection 
coefficient  from  the  heterogeneity  with  the  passage  of  wave  from  left 
to  right  through  p<u  where  n  -  number  of  heterogeneity.  In  the  first 
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approximation,  we  will  consider  reflection  coefficient  from  the 
heterogeneity  real. 
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Fig.  2.20.  Diagrammatic  representation  of  stepped  transformer. 
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Let  us  designate  through  wave  of  voltage/stress,  which  passed 
through  the  n-th  heterogeneity;,  while  is  known, 

W »  —  W ii  -  i  (  1  “f"  Pn )• 


It  is  obvious  that  if  pn>0,  then  un>un-.\\  and  if  p<0,  then 
1.  The  value  of  voltage/stress  in  the  first  case  of  its 
transformation  on  the  heterogeneity  is  raised,  and  in  the  second  case 
it  is  reduced.  Thereby  heterogeneity  in  the  line  can  play  the  role  of 
transformer  with  the  transformation  ratio 

W  ii  '  1  +  Pn  • 

After  traversing  N  of  heterogeneities,  pulse  will  N  of  times 
transform  itself;  resulting  transformation  ratio  in  this  case 

wv-wv-  n  o +/»..)■ 


Since  p  cannot  be  more  than  one,  then  H’7n  there  cannot  be  more 
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than  two  and  resulting  transformation  ratio  will  not  exceed  2*. 

In  order  to  determine  transformation  ratio  of  stepped  transformer 
in  diagram,  it  is  necessary  to  consider  its  input  and  output  circuits. 
Input  circuit  of  transformer  is  shown  in  Fig.  2.21a.  As  can  be  seen 
from  this  diagram,  the  amplitude  of  voltage  on  the  input  of  the 
transformer 
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a)  kD 

Fig.  2.21.  Input  (a)  and  output  (b)  circuits  of  stepped  transformer. 
Page  118. 

Schematic  of  output  circuit  of  transformer  is  shown  in  fig. 
2.21b.  It  consists  of  equivalent  generator,  emf.  which  is  equal  to 
2t/<j+i,  and  output  resistance,  equal  to  Pq+i*  Let  us  note  relative  to 
value  2(/<j+i  that  when  the  traveling  wave  of  voltage/stress,  which  has 
amplitude  Uq+i,  reaches  the  extended  end/lead  of  the  line,  then 
receiving-end  voltage  becomes  equal  to  2i/p+i.  This  value  is  to  emf  of 
equivalent  generator.  Voltage/stress  on  the  load 


U«=2Uq+i 


R , 

R«  +  Pq+i 


It  is  easy  to  see  that  when  ^h>Pq+,  voltage/stress  on  load  can  be 
more  than  UQ,  and  when  ^»  =  Pq+i>  with  matched  load  ,  ".=<w 


Taking  into  account  input  and  output  circuits  transmission  factor 
of  stepped  transformer  will  take  form 


) 


where 
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K  —  H 
A,x_  P.+tf,  ’ 

v  _  2/?k 

A*“X—  tf.+  PQ+|  ' 

Let  us  determine,  according  to  vhat  lav  should  be  changed  line 
characteristic  in  dependence  on  number  of  transition  so  that 
transformation  ratio  would  have  maximum  value.  The  number  of 
sections  of  transformer  Q+2(Q»N-1)  and  the  relation  of  the  wave 

p 

impedance  of  extreme  sections  -~  =  0  we  will  assume/set  by  the  given 
ones.  Thus,  it  is  necessary  to  find  the  condition,  under  which  the 
product 

A  0  P[n\) 

/»= I 


has  maximum  value.  p[n]  here  means  that  p  is  step  function  n. 

Page  119. 

It  is  possible  to  show  that  product  will  be  maximally  when  all 
terms  are  equal  to  each  other,  i.e.,  when  p{J]=p[2J=p[3]=. .  .=/?(#].  In  other 
words,  maximum  transformation  ratio  in  the  stepped  transformer  occurs 
in  the  case,  when  reflection  coefficient  is  constant  for  each 
heterogeneity. 


Since 


P\n\ 


pf'i-f-  il- pM 
p(/t+  1]  +  p[nj  * 


the  increment  in  step  function 


\v 
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Ap[«]  =  const  {p  p  [ n  -j-  1]}^  const  p  [rtj 

is  proportional  to  value  of  function  itself.  Hence  it  follows  that 
p[n]  is  the  step  function,  formed  from  the  exponential  function 

p  l«]  =  (2.26) 

Let  us  assume  for  convenience  px=l,  then  0.  For  determining 

of  A  and  a  we  have:  when  n—1  Acm=  i,  and  when  n  =N-\-\  /4e*,/v+,|  =  o, 
whence 


In  6  . 

a  =  ~N'  A  =  * 


Inl 
'  N 


Finally  we  obtain,  substituting  a  and  A  in  (2.26), 


WlJ 

p|«]  —  e‘v 


(2.27) 


Let  us  find  expression  for  maximum  transformation  ratio 

=  n  o + p  w> = n  - 

<i=l 


_ 1 _ = _ £ _ 

In  9  _  InJ 

l+>“  *  (l+e 
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It  follows  of  reasonings  given  above  that  stepped  transformer, 
which  possesses  maximum  transformation  ratio,  is  system  of  intersected 
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rings,  in  which  all  components/1 inks  are  indent,  and  also  rings,  which 
consist  of  identical  number  of  components/1 inks.  Therefore  the 
formulas,  derived  above  for  the  system  of  the  intersected  rings,  can 
be  used  for  the  analysis  of  this  transformer. 

Let  us  turn  now  to  calculation  of  wake  current.  Let  us  take 
account  of  the  fact  that  the  coefficients  of  reflection  are  assumed  to 
be  real  and  that  reflection  coefficient  with  the  passage  of  wave  from 
right  to  left  has  opposite  sign  in  comparison  with  the  coefficient  of 
reflection  of  wave  with  the  passage  of  it  from  left  to  right.  Let  us 
take  also  into  consideration  the  fact  that  the  reflection  coefficients 
from  all  heterogeneities  are  equal.  In  this  case  transient  response 
for  the  main  impulse 

Aj(0  =  (l-4-/')o+1l  (*  — Q's)  (<<Q< a)- 

Main  impulse  will  appear  at  output  after  time  Qtj  in  comparison 
with  onset  of  pulse  at  input  1 . 

FOOTNOTE  l.  Here  is  not  taken  into  consideration  the  time  lag  of 
pulse  in  the  line  to  the  first  heterogeneity  and  after  latter/last 
heterogeneity,  since  these  sections  of  lines  do  not  enter  into  loop 
circuit.  ENDFOOTNOTE. 

The  first  echo  pulse  will  arrive  more  lately  to  period  2t,,  and  in 
order  to  determine  its  value,  it  is  necessary  in  expression  (2.25)  to 
select  the  terms,  which  operate  in  the  interval  of  time  1QMQ+2J/J. 


3 


7 
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After  conducting  this  operation,  we  will  obtain  that  the  transient 
response  is  determined  by  the  expression 

<0  =  0  +  pf+'  {1  (/  —  Qi,) -  Qp'\  V  —  (Q+ 2) /’a]} 

[<<(Q+2)/J. 

Analogously  can  be  found  transient  response  for  greater  moments 
of  time,  for  example, 

A?  (0  =  0  +  P)Q+ ’{ 1  (t  —  QU)' —  Qp'  1  [/  -  (Q  +  2)  t3]  + 

+  [(q+4  Q <Q- -  *))  p* - «  -  ]) c1  +p)' V  ]  X 
Xl[/-(Q  +  4)/,]}  P<(Q  +  4)/,] 

and  so  forth. 

Page  121. 

For  normal  functioning  of  device/equipment,  which  stands  after 
transformer  (for  example,  magnetron  generator),  greatest  danger  they 
are  first  and  second  pulses,  which  follow  after  main  impulse.  On  the 
basis  of  the  expressions  for  the  transient  response  of  stepped 
transformer  given  above  it  is  possible  to  write  formulas  for  the 
values  of  the  first  and  second  pulses,  in  reference  to  the  amplitude 
of  main  impulse,  namely 

=  —  Qp*t  (2.28) 

«,  =  [Q  +  ^i^]A,-(Q+l)/>s.  (2-29) 

Coefficients  a1>2  are  function  of  number  of  rings  Q»N-1  (where  N  - 
number  of  heterogeneities)  and  of  coefficient  of  reflection  p.  As  it 
follows  from  the  formulas,  coefficient  a,  is  always  negative,  and 

’  V 


>4  < 
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coefficient  a,  can  be  both  the  positive  and  negative.  With  the 
assigned  magnitude  &  of  the  relation  of  the  wave  impedance  of  extreme 
sections  the  greater  the  number  of  heterogeneities  N  or  the  number  of 
rings  Q,  the  less  p.  Therefore  with  increase  in  N  coefficients  ax  and 
aa  decrease;  furthermore,  coefficient  a*  becomes  negative. 


As  already  mentioned  in  Chapter  1,  presence  of  heterogeneities  in 
the  form  of  change  in  geometric  dimensions  of  line  leads  to  distortion 
of  field  distribution  in  vicinities  of  heterogeneities  and  to 
appearance  of  waves  of  highest  types.  Weakening  oscillation,  which  is 
realized  due  to  the  appearance  of  waves  of  the  highest  types,  it  is 
possible  to  consider  certain  shunt  capacitance  cn  after  introducing 
in  the  place  of  transition.  Taking  into  account  this 
capacity/capacitance  the  equivalent  diagram  of  junction  can  be 
represented  in  the  form,  shown  in  Fig.  2.22a.  In  this  figure  2i/n-,— 
equivalent  emf  of  the  generator,  which  replaces  the  left  side  of  the 
line;  Pn-i—  its  output  resistance,  equal  to  the  wave  impedance  of  left 
(n-l)-l  section;  Pn  -  wave  impedance  of  the  n  section;  Cn  -  transition 


capacitance.  This  equivalent  diagram  can  be  given  to  the  diagram  of 
the  integrating  component/ link  with  resistor/resistance  ft  =  - l>"-' and 
capacity/capacitance  C„;  to  the  component/1 ink  applied  voltage/stress 


2.22b). 
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Time  constant  of  component/1  ink  *n  =  C„R.  Square  pulse  is  distorted  in 
transit  through  this  heterogeneity.  Time  of  its  establishment 
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tr=2,2x„.  if  the  pulse  duration  is  less  than  doubled  time  of  landing 
run  of  its  along  the  section  of  transformer,  then  the  time  of  the 
establishment  of  the  edge  of  the  pulse,  which  passed  N  of 
heterogene i t ies , 


/y  —  2,2  j/V,  +•**,+  ■. 

In  the  particular  case  all  time  constants  of 
transitions/ junctions  can  prove  to  be  approximately  identical  and  then 
/y  =  2,2xn .  It  should  be  noted  that  usually  capacity/capacitance  cn  is 
very  small,  and  if  the  wave  impedance  of  the  sections  of  transformer 
is  sufficiently  low,  then  the  effect  of  transition  capacitance  is 
virtually  imperceptible. 

Relation  of  wave  impedance  of  extreme  sections,  determined  by 
design  considerations,  can  serve  for  calculating  stepped  transformer 
by  initial  value.  Stepped  transformer  is  conveniently  performed  in 
the  form  of  strip  line.  The  value  of  transformation  ratio  WT  depends 
on  value  8  and  number  of  transitions/junctions.  For  determining  the 
number  of  transit  ions/ junctions  it  is  possible  to  use~fables  2.6. 
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Fig.  2.22.  equivalent  schematic  of  the  section  of  transformer  with  the 


heterogeneity:  a)  initial;  b)  converted. 


Table  2.6. 


6 

|  C^Ko^JWUIICHT  TpaHC<t>Op' 

|  M&UHH  W’T 

: 

N=1 

,V= 2 

1 

N=i 

o 

4. 

1.33 

1,36 

1,38 

1,39 

4 

1,00 

1,76 

1.84 

1,88 

6 

1.71 

2.00 

2,15 

2,20 

8 

1.78 

2.20 

2,35 

2,50 

10 

1,82 

2,28 

2,55 

2.70 

Key:  (1).  Transformation  ratio  .... 

Page  123. 

Knowing  number  of  transitions/ junctions,  we  are  assigned  by  wave 
impedance  of  first  transit ion/ junction  and  find  wave  impedance  of 
subsequent  sections  through  formula  (2.27).  The  length  of  each 
section  is  determined  from  condition  1  =  ~L\cm]  (tK  expressed  in  the 
nanoseconds).  Transition  capacitance  usually  is  very  small  and  it  is 
possible  not  to  consider  it.  For  calculating  wake  current  it  is 
possible  to  utilize  formulas  (2.28),  (2.29). 


Stepped  transformers  can  be  fulfilled  not  only  in  the  form  of 
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distributed  circuits.  For  the  sufficiently  long  pulses  (on  the  order 
of  hundreds  of  nanoseconds)  and  in  the  case,  when  to  their  form  it  is 
not  presented  especially  stringent  requirements,  the  sections  of 
stepped  transformer  can  be  manufactured  from  the  equivalents  of  long 
lines,  i.e.,  be  fulfilled  in  the  form  of  the  chains/networks  of 
filters.  Such  transformers  are  used,  in  particular,  in  the 
pulse-shaping  circuits  of  pedestal  in  the  powerful/thick  pulse 
modulators  of  magnetron  generators  [39].  The  number  of 
components/1 inks  in  the  section  and  the  value  of  their  parameters  are 
selected  on  the  basis  of  the  condition  for  the  permissible  distortions 
of  pulses,  i.e.,  the  guarantee  of  the  necessary  for  broad-band 
character  diagram,  while  the  number  of  sections  -  on  the  basis  of  the 
guarantee  of  the  assigned  transformation  ratio,  which  usually  is 
determined  by  the  values  of  the  resistance/resistor  of  load  (for 
example,  with  the  resistor/resistance  of  magnetron  in  the  pulsed 
operation)  and  by  output  resistance  of  pulsed  source. 

2.7.  Inverters  of  pulses  and  the  transformers,  formed  by  the  cable 
segments. 

Lines  with  variable/alternating  section,  just  as  spiral 
transformers,  do  not  change  polarity  of  transformed  pulses.  Therefore 
frequently  it  is  necessary  to  supplement  such  transformers  by 
inverters. 


As  inverter  can  be  used  section/segment  of  coaxial  cable  with 
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wave  impedance  p,  at  the  beginning  of  which  is  connected  source  of 
voltage  2<§  with  internal  resistor/resistance  p  (Fig.  2.23).  The 
external  facing  of  cable  is  everywhere,  besides  initial  point, 
isolated/ insulated  from  the  earth/ground.  At  the  end/lead  of  the 
cable  is  included/switched  on  the  potentiometer,  whose 
resistor/resistance  is  equal  to  p. 

Page  124. 

If  the  wiper  is  located  in  position  Q,  then  between  point  P  and 
earth/ground  operates  the  pulse  of  the  same  polarity,  as  at  the  input. 
If  the  wiper  is  supplied  in  position  P,  then  the  pulse  of  the  reversed 
polarity  will  operate  between  point  Q  and  earth/ground.  When 
slide/wiper  is  located  halfway,  symmetrical  output  is  obtained.  It  is 
not  difficult  to  see  that  this  phase  inverter  can  work  only  at  the 
high  frequencies,  since  in  the  position  of  slide/wiper  at  point  P 
generator  at  the  low  frequencies  proves  to  be  short-circuited. 

Work  of  this  phase  inverter  occurs  as  follows.  The  traveling 
wave  of  voltage/stress  u  appears  with  the  connection  to  the  input  of 
the  cable  of  voltage/stress  in  it.  This  wave  of  voltage/stress  causes 
current  wave  i,  which  flows  along  the  internal  conductor  of  cable. 

This  current,  flowing/occurring  over  the  resistance/resistor  of  load 
p,  creates  on  it  the  voltage  drop,  which  is  removed/taken  at  points  P 
or  Q  in  the  positive  or  negative  polarities  with  respect  to  the 
earth/ground. 
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Since  point  Q  of  outer  covering  of  cable  is  located  under 
specific  voltage/stress  with  respect  to  earth/ground,  over  external 
braid/cover  of  cable  flows/occurs  certain  current  i*.  The 
resistor/resistance  of  the  external  braid/cover  of  cable  is  connected 
in  parallel  to  the  resistance/resistor  of  load  (in  the  position  of 
slide/wiper  at  point  P)  and  shunts  it.  It  is  obvious  that  by-passing 
of  this  resistor/resistance  is  the  greater,  the  lower  the  frequency  of 
the  transformed  vibrations.  For  the  direct  current  this 
resistor/resistance  is  in  effect  equal  to  zero. 
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Fig.  2.23.  Diagram  of  inverter,  assembled  in  cable  segment. 

Page  125. 

In  order  to  increase  inductive  reactance  of  outer  covering  of 
cable,  it  they  displace  into  coil  in  such  a  way  that  its 
self-capacitance  would  be  minimum.  In  this  case  in  parallel  to  the 
resistance/resistor  of  load  p  proves  to  be  connected  inductive 
reactance  j»LKt  where  -  inductance  of  the  convoluted  into  the  coil 
cable,  as  can  be  seen  from  the  equivalent  diagram,  given  in  Fig. 

2.24a.  On  this  diagram  of  severings  of  cable  it  is  replaced  with  the 
voltage  source  with  emf  2t/„  (where  Un  -  voltage/stress  of  the 
traveling  wave  in  the  line)  and  with  internal  resistor/resistance  p. 
According  to  the  theorem  of  Tevenen  [transliterated)  the 
resistance/resistor  of  load  p  can  be  converted  in  the  internal 
resistor/resistance  of  source,  and  then  diagram  will  take  the  form, 
shown  in  Fig.  2.24b.  It  is  the  inductive  differentiating  circuit,  the 
time  constant  of  which  = 

During  the  supplying  to  input  of  inverter  of  single  drop/jump  in 
voltage/stress,  voltage/stress  on  its  output,  i.e.,  transient  response 
of  inverter,  takes  form 
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In  this  expression,  written  on  the  basis  of  equivalent  diagram, 
given  in  Fig.  2.24b,  is  not  taken  into  consideration  influence  of 
circuit  parameters,  which  block  undistorted  transmission  of  edge  of 
pulses  (this  it  is  examined  further). 
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Fig.  2.24.  Equivalent  diagram  of  inverter:  a)  initial;  b)  converted. 
Page  126. 


Knowing  the  equation  of  transient  response,  i t  is  easy  to  find  the 
value  of  the  distortions  of  pulse  apex  due  to  the  differentiation. 
Decay  in  the  pulse  apex  by  duration  ^  will  be  determined  from  the 
formula 


where  -  absolute  decay  in  the  apex/vertex; 
&  -  pulse  amplitude. 


If  then 


Knowing  duration  of  pulses  t„  and  being  assigned  by  permissible 
value  of  decay  in  apex/vertex  g,  it  is  easy  to  find  time  constant  T« 

Since  value  p  usually  is  assigned  or  selected  previously,  then  through 
known  t*  and  g  is  found  the  value  of  inductance  LK.  necessary  for  the 
transmission  of  the  flat/plane  part  of  the  pulses  without  the 
distortions.  It  follows  of  the  formulas  given  above  that  the  less  the 3 
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duration  of  the  inverted  pulse,  the  less  the  required  value  LK  and 
therefore  inverter  is  obtained  simpler  in  structural/design  sense. 

This  fact  makes  the  inverters  (and  transformers),  carried  out  in  the 
cable  segments,  promising  from  the  point  of  view  of 
transit ion/ junction  to  the  pulses  of  smaller  duration.  Let  us  note 
also  that  with  the  decrease  of  the  length  of  cable,  caused  by  the 
decrease  of  desired  value  £*•  decrease  the  distortions  of  the  pulse 
edge  due  to  the  losses  in  the  cable.  For  loading  LK  they  coil  cable 
around  the  annular  cores  from  the  ferromagnetic  materials.  Similar 
constructions/designs  are  described  below. 

Distortion  of  edge  of  transmitted  pulses  occurs,  in  the  first 
place,  due  to  losses  in  metal  and  dielectric  of  cable.  This  question 
was  examined  in (Chapter  1. 

Presence  of  output  capacitance  in  source  of  surge  voltage  and 
input  capacitance  of  load  is  second  reason  for  distortion  of  pulse 
edge.  These  capacities/capacitances  together  with  input  and  output 
resistance  of  diagram  form  the  integrating  chains/networks,  which  lead 
to  the  decrease  of  the  slope/transconductance  of  the  build-up/growth 
of  the  pulse  edges. 

Page  127. 

Time  constant  of  output  chain/network  ^hx  =  -^-rCbx;  with  p  ==  I50d*»»and 
C,x=  Wfif Twi  =  0,75  ns  and  ty—  2,2t,ux  =  1 ,65  ns.  If  the  time  constant  of 
input  circuit  has  the  same  value,  then  the  time  of  establishment 
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increases  ^2  once.  Therefore  during  the  construction  of  inverters  and 
transformers  it  is  necessary  as  far  as  possible  to  decrease  the 
parasitic  circuit  parameters.  By  advantage  to  decrease  the  parasitic 
circuit  parameters.  The  advantage  of  inverters  and  similar  type 
transformers  are  their  linearity,  simplicity  of  construction/design  in 
comparison  with  the  transformers  of  other  types,  to  transmissivity 
large  power.  The  deficiencies  include  large  overall  dimensions  and 
large  signal  delay. 

Z&y  inverter,  described  into  [40],  cable  with  length  of  8  m  with 
wave  impedance  of  72  ohms  (diameter  of  4.8  mm)  was  wound  in  coil  and 
included  into  housing  by  length  about  140  mm  and  by  diameter  of  190 
mm.  The  time  of  the  establishment  of  the  transient  response  of  this 
inverter  was  2  ns;  time  constant  was  equal  to  0.8  ms.  Instead  of 
the  potentiometer  at  the  end/lead  of  the  cable  were  utilized  two 
plugs,  to  which  were  connected  internal  conductor  and  screen/shield. 
Grounding  points  P  or  Q  was  realized  with  the  aid  of  the  special 
short-circuiting  plug. 


Another  construction/design  of  inverter  is  described  into  [41]. 
The  inverting  transformer  was  connected  in  parallel  to  the  plate  load 
of  tube,  and  therefore  the  inductance  of  the  coil,  formed  by  the 
external  braid/cover  of  cable,  was  selected  from  the  condition 


where  tn  -  maximum  pulse  duration; 

g  -  permissible  relative  decay  in  the  apex/vertex; 
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R» -  load  resistance/resistor; 

Ri  -  anode  resistance  in  the  pulsed  operation. 

For  loading  of  external  braid/cover  of  cable  latter  uncoiled 
itself  into  coil,  into  which  was  introduced  ferrite  core.  For 
decreasing  the  interturn  capacity/capacitance  of  this  coil,  it  was 
made  in  the  form  of  two  sections.  The  first  section  consisted  of  7 
turns  of  cable  PK-50-2-13,  wound  to  the  ferrite  toroid  by  the  diameter 
of  30  mm  and  by  the  section  6x6  of  mmJ ,  forming  inductance  30  pH. 

This  section  was  connected  directly  to  the  anode  of  tube. 

Page  128. 

The  second,  main  section  consisted  of  17  turns  of  the  same  cable, 
wound  to  the  ferrite  ring  with  an  outside  diameter  of  56  mm  and  with  a 
cross-section  of  11x12  mma.  The  total  inductance  of  this  coil  was 
approximately  400  mH  and  it  was  sufficient  for  pulse  advancing  with 
duration  to  400  ns  with  the  decrease  of  voltage/stress  on  the  pulse 
apex  not  more  than  on  10%.  The  length  of  coaxial  cable  was  2  m,  which 
created  the  time  delay  of  pulse  of  approximately  10  ns.  The  duration 
of  the  pulse  edge  at  the  output  was  approximately  3  ns. 

In  this  case,  when  grounding  facings  of  cable  is  impossible,  for 
realization  of  inversion  of  pulses  should  be  included  cable  segments 
in  the  manner  that  it  is  shown  in  Fig.  2.25.  The  switching 
on/inclusion  of  cables  with  a  wave  impedance  of  p/2  shown  in  the 
figure  provides  input  and  output  resistance,  equal  to  p.  The 
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inversion  of  pulses  is  realized  here  due  to  a  change  in  the  order  of 
the  connection  of  the  supplying  and  load  cables  to  inverter  [42]. 

Constructions/designs  of  inverters  described  above  have  the 
deficiency,  that  for  higher  frequencies  of  pulse  spectrum  cable 
convoluted  into  coil  is  not  inductance,  but  it  presents  certain 
distributed  system.  Therefore  are  used  such  constructions/designs,  in 
which  the  cable  is  coiled  around  the  cylinder  so  that  the  external 
braid/ cover  of  cable  forms  the  internal  conductor  of  the  helix  of 
transmission.  The  external  conductor  of  helix  is  formed  by  the 
screen/shield,  inside  which  consists  the  cable  (Fig.  2.26)  [40].  A 
similar  construction/design  differs  from  preceding/previous  in  terms 
of  the  fact  that  here  in  parallel  to  the  load  resistance/resistor 
stands  the  input  resistance  of  helix.  This  resistor/resistance  is 
sufficiently  to  large,  since  helix  has  large  linear  inductance. 


T 
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Fig.  2.25.  Inverter,  which  does  not  have  grounded  points. 

Key:  (1).  Ferrite. 

Page  129. 

Equivalent  diagram  of  an  inverter  of  such  type  will  differ  from  the 
equivalent  diagram  of  inverter  with  the  cable,  wound  by  coil,  fact 
that  inductance  will  be  in  it  replaced  with  input  resistance  to 
helix  finx.  If  the  pulse  duration  is  such,  that  the  signal  reflected 
from  the  end/lead  of  helix  will  not  have  time  to  return  conversely, 
i.e.,  if  the  pulse  duration  is  less  than  doubled  time  of  landing  run 
of  signal  along  the  helix,  then  line  impedance  there  will  be  to  its 
purely  active  and  equal  wave  impedance.  In  this  case  the  pulse  will 
traverse  the  inverting  device/equipment  without  the  distortions  of 
flat/plane  part.  But  if  the  pulse  duration  is  more  than  doubled  time 
of  landing  run,  then  pulse  apex  will  be  distorted  due  to  the 
reflections  in  the  helix. 

Fig.  2.27  shows  diagrams/curves  of  emf  on  input  of  inverter, 
equal  to  and  modulus /module  of  voltage/stress  on  its  output.  It 
follows  from  the  figure  that  the  pulse  at  the  output  delays  in 
comparison  with  the  pulse  at  the  input  to  period  t,  (delay  time  in 
coaxial  cable).  The  amplitude  of  this  pulse  U  —  k where  k  - 
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coefficient,  which  characterizes  the  reduction  of  the  amplitude  of 
output  voltage/stress  due  to  by-passing  of  the  wave  impedance  of  helix 
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After  time  2/ao  (doubled  time  of  landing  run  of  ol  along  the  helix)  to 
the  output  comes  the  echo  pulse  of  negative  polarity  &,  and  the 
amplitude  of  output  voltage/stress  decreases.  After  another  time  2 :/,c 
to  the  output  again  comes  the  echo  pulse,  on  already  smaller  amplitude 
and  so  on,  as  a  result  of  which  the  apex/vertex  of  output  pulse  is 
collapsible/dropped.  After  using  the  formulas,  given  in  S  2.2,  it  is 
easy  to  find  expression  for  the  signal  reflected.  Since  PC>P)  then 
reflection  coefficients  from  both  ends/leads  of  helix  are  negative; 
their  product  has  positive  sign,  and  therefore  inverse  cyclic  bond, 
formed  by  the  mismatched  helix,  is  positive.  Omitting  intermediate 
linings/calculations,  it  is  possible  to  show  that  the  envelope  of 
output  voltage/stress,  given  in  Pig.  2.27b  dotted  line,  is  the 
exponential  function 

P(0  =  *e“"’o\ 


where 


•  _ /  in  +  9 

Toe  - —  *a  c  — 2p 


DOC  -  88076708 


JUO 

PAGE  ^ 


W 


Fig.  2.27 .  Voltages  on  input  (a)  and  output  (b)  of  inverter  with 
helix. 

Page  131. 

Principle  of  construction  of  phase  inverter  in  section/segment  of 
coaxial  cable  can  be  used  also  for  construction  of  transformers.  Fig. 
2.28  schematically  shows  the  simplest  transformer  with  the 
transformation  ratio,  equal  to  two.  It  consists  of  two 
sections/segments  of  coaxial  cable  of  the  equal  length,  whose  center 
conductors  are  connected  to  the  center  conductor  of  the  supplying 
cable.  Thereby  with  respect  to  it  they  provs  to  be  switched  on  in 
parallel,  so  that  the  input  resistance  of  transformer  Zax  =  p/2.  At  the 
output  severings  of  cable  are  connected  in  series,  and  output 
resistance  of  transformer  Zaux  =  2p.  Transformation  ratio  of  this 
transformer  n  —  i/" z,ut  —2. 
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In  order  to  clarify  mechanism  of  action  of  this  transformer,  let 
us  turn  to  its  equivalent  diagram,  given  in  Fig.  2.29.  On  this 
diagram  the  lover  cable  segment  is  represented  in  the  form  of 
equivalent  generator  with  emf,  equal  to  25,  and  by  internal 
resistor/resistance  p.  The  output  of  this  cable,  as  can  easily  be 
seen,  is  shunted  by  resistor/resistance  z 
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Fig.  2.28.  Schematic  of  transformer  in  cable  segments. 


Fig.  2.29.  Equivalent  schematic  of  transformer. 

Page  132. 

If  resistor/resistance  of  facing  of  cable  Z,;  is  sufficiently 
great,  then  it  can  be  excluded  from  equivalent  diagram  and  entire 
device/equipment  will  be  certain  equivalent  generator  with  emf  4<'<  and 
internal  resistor/resistance  of  2 p.  The  input  resistance  of  this 
transformer,  as  can  be  seen  from  diagram,  it  is  equal  p/2,  whence  the 
transformation  ratio  of  transformer  on  the  voltage/stress  is  equal  to 
two. 


Similar  to  transformer  with  two  cable  segments  transformers  in  n 
cable  segments  can  be  constructed.  Since  the  input  terminals  of  all 
cables  are  connected  in  parallel,  the  input  resistance  of  transformer 
from  the  N  sections/segments  will  be  equally  p/N;  whereas  output 
resistor/resistance  equally  pN  since  the  output  terminals  of  the  cable 
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segments  are  connected  in  series. 

One  of  samples  of  matching  transformers  was  described  into  [42]. 
Transformer  consisted  of  ferrite  toroid  with  a  cross  section  of 
-i-x-4r  and  an  outer  diameter  1".  In  the  transformer  the 
sections/segments  of  miniature  coaxial  cable  vith  a  length  of  30  cm 
with  a  wave  impedance  of  100  ohms  were  utilized.  Cable  (6  turns)  was 
packed  on  the  toroid.  Testing  this  transformer  showed  that  the 
distortions  of  the  pulse  edge  were  negligible  and  are  determined  only 
by  distortions  in  the  cable  (duration  of  the  pulse  edge  it  was 
approximately  1  ns). 


DOC  -  88076709 


PAGE 


Page  133. 

CHAPTER  THREE. 

IMPULSE  SHAPING  IN  LINEAR  DISTRIBUTED  CIRCUITS. 

Different  shapers  are  utilized  together  with  relaxation 
oscillators  in  pulse  technique  for  obtaining  pulses.  The  forming 
circuits  contain  usually  linear  and  nonlinear  elements.  When 
fundamental  network  elements  of  formation  are  linear,  it  is  possible 
to  speak  about  the  linear  shapers. 

By  linear  method  of  formation  is  understood,  in  particular, 
method,  based  on  conversion  of  voltage/stress,  applied  to  input  of 
linear  network,  and  also  method  of  obtaining  pulses  on  certain  load 
element  by  its  connection/attachment  to  linear  network,  which  contains 
statically  stored  energy.  Thus,  as  a  result  of  changing  the  energy, 
stored  up  in  the  reactive/jet  elements  of  the  linear  network,  caused 
by  the  commutation  of  equivalent  components,  appears  the  transient 
process,  which  is  utilized  for  the  impulse  shaping. 

If  method  of  formation  is  connected  with  need  to  preliminarily 
have  initial  drop/ jump  in  voltage/stress,  which  is  supplied  to  linear 
forming  circuit,  then  in  this  case  is  excluded  from  examination  method 
of  obtaining  steep  edge  in  voltage/stress. 
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Both  process  of  impulse  shaping  of  one  or  the  other  form  from 
drop/jump  in  voltage/stress  or  current  and  method  of  obtaining  very 
steep  edges  is  very  important  for  nanosecond  pulse  technique,  since 
minimum  duration  of  formed/shaped  pulse  is  limited  to  finite  time  of 
initial  drop/ jump  in  voltage/stress  or  current. 

In  relaxation  oscillators  of  nanosecond  pulses,  described  in 
subsequent  chapters,  it  is  difficult  to  obtain  pulses  by  duration  of 
order  of  nanosecond  with  their  considerable  amplitude  (to  ones  and 
tens  of  kilovolts).  In  the  difference  that  relaxation  oscillators 
different  pulse-shaping  circuits  make  it  possible  to  obtain  nanosecond 
pulses  with  the  large  amplitude.  For  guaranteeing  a  sufficient 
broad-band  character  of  diagrams  of  formation  it  is  expedient  to 
utilize  as  fundamental  network  elements  of  system  with  the  distributed 
constants.  Using  the  diagrams  of  formation  with  the  transmission 
lines  as  the  fundamental  elements,  it  is  possible  to  obtain  the  pulses 
of  short  duration,  in  the  form  very  close  to  the  rectangular.  Is 
substantial  the  fact  that  the  duration  of  the  formed/shaped  pulses  is 
determined  here  only  by  the  parameters  of  circuits  and  does  not  depend 
on  the  mode  of  feeding  of  the  corresponding  devices/equipment. 

In  this  chapter  are  examined  fundamental  questions  of  obtaining 
nanosecond  pulses,  mainly,  with  the  aid  of  linear  forming  lines  of 
transmission  and  corresponding  switching  devices/equipment. 
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3.1.  Methods  of  impulse  shaping  in  the  uniform  lines  from  drops/jumps 
in  the  voltage/stress  or  current. 

Impulse  shaping  can  be  realized  with  the  aid  of  initial  drop/ jump 
in  voltage/stress  or  current.  In  this  case  to  the  forming  circuit 
from  the  primary  source  a  drop/ jump  in  the  voltage/stress  or  current 
is  supplied. 

In  the  case  of  presence  of  initial  drop/jump  in  voltage/stress 
simplest  of  pulse  (Fig.  3.1)  is  series  connection  of  source  of 
drop/jump  in  voltage/stress  (t),  certain  two-terminal  network  Za  and 
resistance/resistor  of  load  Za,  The  two-terminal  network,  which 
ensures  impulse  shaping  to  this  diagram,  is  usually  called  the 
two-terminal  network  of  the  first  hearth.  It  must  possess  such 
characteristics  that  under  the  effect  of  an  initial  drop/jump  in  the 
voltage  in  the  circuit  (Fig.  3.1)  would  be  the  pulse  of  the  assigned 
form. 

Page  135. 

If  current  taper  is  initial,  then  diagram  of  formation  (Fig.  3.2) 
is  parallel  connection  of  source  of  current  taper  forming 
two-terminal  network  ZA,  second  kind  called  two-terminal  network,  and 
resistance/resistor  of  load  Za. 


y 


Characteristics  of  forming  two-terminal  networks  can  be  in 
general  case  determined  on  base  of  synthesis  of  forming  circuits  [1], 
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Examining  the  schematic  of  the  formation  Fig.  3.1,  it  is  necessary  to 
assign  the  required  form  of  the  output  pulse  of  voltage/stress  uBhlx(t), 
obtained  from  initial  voltage/stress  u„(t).  With  assigned  load  ZK  it 
remains  to  determine  character  two-terminal  networks  Let  us  pass 

to  the  operational  form  of  recording,  in  this  case  we  will  consider  it 

* 

known  of  the  image  of  input  and  output  voltages  "d *(/>)  and 
Transmission  factor  of  the  diagram 

K{p)= 

U.t  (p) 


Then  for  image  za(p)  we  obtain 

2a(p)=Z„(p)(Ti--lV  (3.1) 

\K  (P)  J 

Second  aspect  of  task  of  synthesis  of  forming  circuit  consists  of 
construction  of  circuit  according  to  obtained  expressions  for  k(p)  and 
Zn(p).  Two-terminal  network  Z^{p)  is  sometimes  located  through  its 
transient  response  that  it  requires  the  determination  of  original 
A(  t )  1  of  image  ^/pZa(p)- 
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t i g •  3.1.  Fig.  3.2. 

Fig.  3.1.  Pulse-shaping  circuit  from  drop/ jump  in  voltage/stress. 
Fig.  3.2.  Pulse-shaping  circuit  from  current  taper. 

Page  136. 

Let  at  input  of  circuit  (Fig.  3.1),  which  has  as  load  effective 
resistance  ZH(p)  —  RHi  operate  drop/jump  in  voltage/stress  «»*(0  =  ^»x- 1. 
whose  image  Unjp.  On  the  load  it  is  necessary  to  obtain  current  pulse 
of  right-angled  with  an  amplitude  of  I  and  durations  of  i.e., 

Uuux(p)~~-  (l — e  P‘"). 

Transmission  factor 

K(P)=  /*■■(  I  -  e-'1') 


Image  of  expression  for  the  resistor/resistance  of  two-terminal 
network  according  to  (3.1): 


Z*(p)  =  rJ~-\)  =  R„  "ii --/*■  +  /ff"c 
\K(p)  J  irh(  !  —  e~pl’ 


If  we  for  simplification  in  obtained  expression  assume  2 rhi=-.uli, 
then,  multiplying  numerator  and  denominator  of  fraction  by  v*P(p(*/2),  vt  ^ 
have 
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p  ~  ~p~ 

z*  </» = R h  cth  -f  • 


Obtained  expression  coincides  vith  image  of  input  resistance  of 
section  of  uniform  line  of  transmission  without  losses,  extended  on 
end/lead  and  having  wave  impedance  p=Kk.  if  length  of  line  is  equal  to 
l- 0,5  vt„ ,  where  to  v  -  wave  propagation  velocity  in  line,  and  - 
duration  of  formed/shaped  pulse. 


Actually,  in  this  case  line  impedance  is  equal 
Z»x  (/»)  =  -/>  ctg^-/  =  /?»  cth  /!£.  (3.3) 

Thus,  two-terminal  network  of  first  hearth  can  be  section  of 
uniform  line,  extended  at  end/lead. 

Page  137. 

Analogous  with  this  it  is  possible  to  show  that  for  formation  of 
square  pulse  on  load  from  initial  current  taper  (Fig.  3.2)  as 
two-terminal  network  of  second  hearth  section  of  uniform  long 
zero-loss  circuit,  short-circuited  at  its  end/lead  can  be  utilized. 
The  length  of  section/segment  must  be  In  this  case  the  line 

impedance  is  equal 

Z»x  (/«»).  =■-  jp  =  th  i 


(3.4) 
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As  in  the  preceding  case,  amplitude  of  current  pulse  I  in  load 
will  be  in  this  case  equal  to  half  of  value  of  initial  drop/jump. 

In  connection  with  the  fact  that  duration  of  nanosecond  pulses  is 
short,  then  length  of  sections  of  forming  lines  proves  to  be  small. 
With  the  impulse  shaping  of  microsecond  duration  by  the  methods 
indicated  the  required  length  of  line  proves  to  be  excessively  large 
that  it  leads  to  the  need  of  applying  the  artificial  transmission 
lines,  which  possess  considerably  smaller  broad-band  character. 

In  both  diagrams  (Fig.  3.1  and  3.2)  internal  resistor/resistance 
of  generator  of  drop/ jump  in  voltage/stress  is  not  shown  (current). 

In  the  devices/equipment  of  the  impulse  shaping  of  nanosecond  duration 
during  the  use  of  such  diagrams  usually  the  internal 
resistor/resistance  of  generator  is  commensurate  with  the  load 
res istance/res istor . 

For  formation  of  square  pulses  from  initial  drop/jump  in 
voltage/stress  it  is  most  expedient  to  use  diagram,  shown  in  Fig.  3.2. 
Here  as  the  forming  two-terminal  network  is  conveniently  used  the 
section/segment  of  coaxial  cable  or  entire  diagram  performed  in  the 
form  of  a  coaxial  system  of  the  type  of  tee.  The  schematic  diagram  of 
this  system  is  given  in  Fig.  3.3. 


y 
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Fig.  3.3.  Pulse-shaping  circuit  with  the  aid  of  line  and 
short-circuited  stub. 

Page  138. 

Here  the  line,  which  supplies  from  the  generator  a  drop/jump  in  the 
voltage,  has  the  wave  impedance  plt  equal  to  the  wave  impedance  of  tee 
on  its  input  part  (point  1-1').  In  section  2-2'  is  connected 
short-circuited  stub  by  the  length  /a  with  a  wave  impedance  of  p*. 

The  output  part  of  the  tee  (point  3-3'),  loaded  to  effective 
resistance  ^n.  has  wave  impedance  P»=^n- 

Process  of  impulse  shaping  is  explained  by  Fig.  3.4,  where  is 
shown  wave  allocation  of  voltage/stress  in  different  sections  of  tee 
at  different  moments  of  time  tl<t1<tJ<t«.  At  moment/torque  ta  the 
initial  wave  of  voltage/stress  yet  did  not  achieve  the  points  of  2-2' 
tees.  Moment/torque  t*  corresponds  to  the  time,  when  wave,  after 
achieving  points  2-2’,  underwent  changes.  The  part  of  the  energy 
formed  the  wave,  which  passed  to  the  load  (to  points  3-3'),  part 
formed  the  wave,  which  is  propagated  to  the  short-circuited  end  of  the 
loop,  and  part  -  the  wave  in  the  supplying  line  reflected.  The  wave, 
reflected  from  the  short-circuited  end  of  the  loop,  has  a  polarity 
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opposite  to  initial  wave.  As  a  result  of  the  superposition  of  three 
waves  the  shear/section  of  output  pulse  is  formed/shaped  (Fig.  3.5). 

It  is  evident  from  Fig.  3.4  that  the  square  pulse  will  be  formed  on 
the  load  (at  points  3-3’)  and  repeated  pulses  will  be  absent,  if  there 
are  no  wave  reflections  at  points  2-2',  which  is  propagated  from  the 
short-circuited  end  of  the  loop,  i.e.,  it  is  necessary  to  satisfy  the 
condition 


P.P. 

P.  +  9.‘ 


(3.5) 


3 
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Fig.  3.4.  Wave  allocation  of  voltage/stress  in  sections  of  line  with 
impulse  shaping. 
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This  condition  defines  both  the  relative  values  of  wave  impedance 
of  sections/segments  of  tee  and  magnitude  of  losses  of  amplitude  of 
initial  drop/jump  with  impulse  shaping,  since  value  of  coefficient  of 
reflection  of  wave  at  input  of  tee  is  equal  to 


m  — 


hf, 

P»  +  Pi  Pl 


P.  +  p, + 


(3.6) 


Duration  of  formed/shaped  pulse,  equal  to  doubled  delay  time  of 
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loop,  it  is  determined  by  expression 


where  / ,  -  length  of  loop; 

v  -  wave  propagation  velocity  in  it. 


(3.8) 


Using  method  of  imposition,  we  will  obtain  for  output  potential 
of  diagram,  taking  into  account  (3.7), 

W  =  (l  +m)  [UBX  (t)  -  £/„  [t  —  /.)].  (3.9) 

In  real  cases  initial  drop/jump  in  voltage/stress  has  finite  time 
of  build-up/growth  and,  consequently,  also  process  of  impulse  shaping 
proceeds  somewhat  differently  from  for  case  of  ideal  drop/jump.  Now 
instead  of  Fig.  3.5  let  us  examine  Fig.  3.6. 
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Fig.  3.5.  Voltage  oscillograms  with  impulse  shaping  with  the  aid  of 
short-circuited  section  of  line. 
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As  can  be  seen  from  figure,  the  duration  of  shaped  pulse  (measured  on 
the  foundation)  depends  on  the  doubled  delay  time  of  short-circuited 
stub  t,«2 l/v  and  on  the  duration  of  the  front  of  initial  drop/jump, 
i.e. ,  ^u~ 

Pulse  amplitude  at  output 

Uhux  —  K  (3.10) 

where  K  -  transmission  factor  of  diagram,  determined  according  to 
formula  (3.7). 

Minimum  duration  of  shaped  pulse  in  this  case  cannot  be  less  than 
duration  of  front  of  initial  drop/ jump.  It  is  easy  to  see  from  Fig. 
3.6  that  with  tjr  that  vanishes,  the  pulse  duration  approaches  the 
duration  of  the  front  of  initial  drop/jump  however,  the  pulse 

amplitude  in  this  case  according  to  (3.10)  vanishes.  Actually,  if  we 


DOC  -  88076709  PAGE 

examine  the  shortening  (differentiating)  RC  network,  to  input  of  which 
is  supplied  a  drop/ jump  in  the  voltage/stress  of  the  exponential  form: 

U,x=UBX  (l-e  4  ). 

the  duration  of  front  of  which  (measured  at  level  0.1  and  0.9  of 
amplitude)  4«  =  2,2A,  then  the  output  voltage/stress,  determined  with 
the  aid  of  the  Duhamel  integral,  will  be 

o 

When  time  constant  of  circuit  is  equal  to  r*A,  output 
voltage/stress 

Active  duration  of  output  pulse  (measured  at  level  0.5  of 
amplitude)  in  this  case  is  equal  to  2.5A,  i.e.,  it  is  approximately 
equal  to  duration  of  front  of  initial  drop/jump.  Now,  if  we  decrease 
the  time  constant  of  circuit  (r<d),  drawing  it  nearer  zero,  and  to 
calculate  then  it  appears  that  the  pulse  amplitude  rapidly 

decreases,  while  its  duration  remains  virtually  constant/invariable. 
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Thus,  action  of  short-circuited  stub  in  this  respect  is  analogous 
with  action  of  differentiating  circuit  with  lumped  parameters. 
Therefore  the  shortening  of  the  pulse  duration  with  the  aid  of  the 
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short-circuited“section  of  line  is  occasionally  referred  to  as 
differentiation  of  the  pulse  of  nanosecond  duration. 

When  it  is  necessary  to  form  pulse,  whose  duration  (on 
foundation)  must  be  less  than  duration  of  front  of  initial  drop/jump 
in  voltage/stress,  it  is  expedient  to  use  dual  impulse  shaping  with 
the  aid  of  two  short-circuited  sections  of  line  (double 
differentiation).  Fig.  3.7  shows  the  diagram  of  the  dual  shortening 
of  the  pulse  duration.  Here  with  the  aid  of  the  first  tee  it  is 
necessary  to  form  the  pulse,  whose  duration  (on  the  foundation)  will 
be  somewhat  more  than  the  duration  of  the  front  of  initial  drop/jump 
4a.  but  the  duration  of  its  front  4i  is  less  4 o-  After  the  second 
shortening  tee  it  is  possible  to  obtain  the  pulse,  whose  duration  will 
prove  to  be  somewhat  more  than  4i.  but  is  considerably  less  the 
duration  of  the  front  of  initial  drop/jump. 
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Fig.  3.6.  'Voltage  oscillograms  with  impulse  shaping  from  drop/ jump  in 
voltage/stress  with  final  duration  of  front. 


Fig.  3.7.  Schematic  of  dual  coaxial  tee  for  pulse  shortening. 
Page  142. 

The  duration  of  the  output  pulse 

f*  —  4,  -f  t3i,  (3.  i  j ) 

where  ttl  and  t,,  -  respectively  doubled  delays  of  the  first  and 
second  loops ,  moreover  t,,<t,,. 


where  U** 


-  amplitude  of  initial  drop/jump  in  voltage/stress; 


) 
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Kx  and  K,  -  respectively  transmission  factors  of  the  first  and 
the  second  it  is  branch; 

K,  -  transmission  factor  of  attenuator. 

Attenuator  is  placed  between  tees  for  eliminating  noticeable 
effect  of  second  tee  on  the  first,  which  occurs  due  to  presence  of 
waves  reflected,  which  appear  in  place  for  heterogeneity.  Attenuator 
decreases  the  amplitude  of  the  nearest  echo  pulse,  which  must  traverse 
the  attenuator  3  times,  in  K2o  once  relative  to  the  pulse,  passing 
through  the  attenuator  one  time. 

Methods  of  impulse  shaping  from  drop/jump  in  voltage/stress 
(current)  examined  commonly  are  used  for  obtaining  pulses  of  fixed 
period  of  time,  and  sometimes  also  for  variable/alternating  duration, 
if  length  of  short-circuited  stub  can  be  regulated. 

For  impulse  shaping  with  smoothly  changing  duration  method,  based 
on  use  of  forming  line  and  two  initial  drops/jumps  in  voltage/stress 
finds  use  (current).  In  this  case  the  generator,  which  develops 
initial  drops/ jumps  in  the  voltage/stress,  puts  out  them  with  the 
specific  temporary  displacement,  whose  value  smoothly  changes,  by 
changing  the  electrical  mode  of  generator. 
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Fig.  3.8.  Parallel  (a)  and  consecutive  (b)  pulse-shaping  circuits 
with  adjustable  duration. 
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Such  diagrams  can  have  in  parallel  series-connected  load  or  (Fig. 
3.8).  In  the  case  of  series  circuit  (Fig.  3.8b)  is  hindered/hampered 
obtaining  the  point  of  zero  potential  in  load  or  in  one  of  the 
generators.  In  this  respect  is  more  convenient  the  diagram  in  Fig. 
3.8a.  Here  the  generator  of  a  positive  drop/ jump  in  the 
voltage/stress  with  shaping  of  front  and  pulse  apex  is  loaded  both  on 
the  resistor/resistance  and  on  output  resistance  of  the  generator, 
which  creates  the  second  drop/jump  in  the  voltage/stress  (negative). 
Therefore  the  transmission  factor  of  diagram  is  equal  to 


K- 


(3.13) 


Deficiency  in  method  of  impulse  shaping  with  the  aid  of  two 
drops/ jumps  in  voltage/stress  is  presence  of  waves  reflected, 
propagating  in  the  circuit  of  generator,  which  can  lead  to  the  onset 
of  spurious  pulses.  Furthermore,  the  presence  of  two  drops/ jumps, 
shifted  on  the  time,  requires  the  high  stability  of  the  value  of  this 
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shift,  since  with  the  impulse  shaping  of  nanosecond  duration  even  the 
insignificant  instability  of  this  shift  can  substant ially  influence 
the  stability  of  the  pulse  duration. 

3.2.  Methods  of  impulse  shaping  in  the  diagrams  with  the  uniform 
discharge  lines. 

Methods  of  impulse  shaping  examined  are  connected  with  need  for 
presence  of  initial  drop/ jump  in  voltage/stress  or  current.  For  the 
formation  of  square  pulse  this  drop/ jump  must  be  ideal,  i.e.  have 
infinite  steepness  of  front. 

Method  of  impulse  shaping,  when  drop/ jump  in  voltage/stress  is 
formed  directly  in  squaring  circuit,  is  of  interest.  Squaring  circuit 
with  the  aid  of  the  section  of  the  extended  line  (Fig.  3.1)  can  be 
equivalent  to  shaping  circuit  with  the  charged/loaded  to 
voltage/stress  C=Uax=2IR„  section  of  the  same  line,  locked  at  one 
end/lead  to  resistor/resistance  R„  (Fig.  3.9).  This  diagram  is 
occasionally  referred  to  as  diagram  with  the  discharge  line. 

Page  144. 

In  it  is  utilized  the  alternating  discharge  of  line  through  effective 
resistance  R,„  equal  to  line  characteristic  [1]. 

Energy  of  dc  power  supply  E  is  utilized  for  charge  of  line 
through  resistor/resistance  of  Rlt  while  electrical  or  mechanical 
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commutators  are  used  for  alternating  discharge.  The  current  pulse, 
which  appears  during  the  discharge  of  the  section  of  uniform  zero-loss 
circuit  through  the  effective  resistance,  equal  to  wave  impedance,  and 
through  the  ideal  commutator,  has  rectangular  form.  The  duration  of 
pulse  /„  is  determined  by  the  time  of  the  dual  passage  of  the  wave  of 
discharge  current  along  the  line 

(3-14) 

where  l  -  length  of  line; 

v  -  wave  propagation  velocity  in  it; 
c  -  wave  propagation  velocity  in  the  vacuum; 

u  and  e  -  with  respect  the  magnetic  and  dielectric  constants  of 
the  material  of  line. 

Since  current  wave  in  process  of  discharge  of  line  has  amplitude 

j  E  _  E 
R'  +  t  2  Ra' 

that  on  load  resistance/resistor  voltage  pulse  with  amplitude  of 
t/nbix=f/2  is  formed/shaped* 

In  actuality  with  impulse  shaping  of  nanosecond  duration  is 
necessary  to  consider  quality  of  agreement  of  line  with  load 
resistance/resistor,  value  and  character  of  change  in  time  of 
resistor/resistance  of  commutating  element  and  presence  of  losses  in 
forming  line. 


3 
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Fig.  3.9.  Pulse-shaping  circuit  with  discharge  line. 

Page  145. 

In  oscillator  circuit  condition  of  equality  of  load  Rn  and  line 
characteristic  p  always  cannot  be  strictly  carried  out.  In  the 
process  of  operating  the  generator  relation  Rufr  can  prove  to  be 
somewhat  more  or  less  than  one.  The  divergence  of  this  relation  from 
one  affects  the  process  of  impulse  shaping  and  it  leads  to  the 
disturbance/breakdown  of  its  form.  In  these  cases  due  to  the 
appearing  partial  reflections  of  waves  (point  or  of  voltage/stress) 
from  the  loaded  end/lead  of  the  line  the  process  of  its  discharge 
lasts  longer  than  in  the  case  of  the  matched  load.  The  shape  of  pulse 
on  the  load  takes  the  form,  shown  in  Fig.  3.10a  and  b,  depending  on 
that  Raj p  <  1  or  R„l p  >  I . 

On  the  basis  of  expressions  (3.3)  and  (3.2)  for  image  of  input 
resistance  of  forming  line  it  is  possible  tc  record 
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Fig.  3.10.  Shape  of  pulse  on  load:  a)  when  ~<i;  b)  when  y  >'■ 

Page  146. 

After  finding  then  image  for  current  in  load,  it  is  possible  to 
obtain  expression  for  voltage/stress  on  load,  represented  in  the  form 
of  right-angled  pulses  by  duration  >».  that  appear 

consecutively/serially  through  gaps/ intervals  f«-  Expression  for  the 
amplitude  of  k  pulse  takes  form  [1] 

where  k*l,  2,  3,  ...?  m  -  coefficient  of  reflection  of  the  waves: 


m  = 


flu  —  P 
+  ? 


Expression  for  amplitude  of  voltage/stress  makes  it  possible  to 

determine  permissible  value  of  relation  #n/p  according  to  assigned 

U, 

ratio  Uj/U^-  amplitude  of  the  first,  and  U,  -  amplitude  of  second 
pulse  (Fig.  3.10).  So  if  it  is  assigned,  which  U,  must  comprise  to 
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more  than  5%  of  value  Ulf  then  the  value  of  relation  /?„/ p  takes  values 
of  0.90  or  1.102.  The  load  resistance/resistor  in  this  case  must  be 
in  limits  0,9p</?H<  l.lpl 

Real  forming  lines  with  losses  have  transient  responses  with 
finite  time  of  build-up/growth  of  their  front.  Therefore  the  shape  of 
the  obtained  pulses  into  the  reality  differs  from  rectangular.  The 
steepness  of  the  front  of  transient  response  is  determined  by 
magnitude  of  losses  in  the  line  (coaxial  cable,  band  line)  and  by  its 
length.  Therefore  depending  on  the  pulse  duration  the 
slope/transconductance  of  its  shear/section  changes,  since  required 
length  of  the  forming  line  will  be  different. 

In  pulse  generators  of  nanosecond  duration  of  such  type  as 
discharge  lines  coaxial  cables  are  utilized,  or  strip  lines, 
slope/transconductance  of  frontal  part  of  transient  responses  of  which 
can  be  evaluated  according  to  formulas,  obtained  in  chapter  1. 

Properties  of  commutating  element  affect  besides  line  losses  to 
shape  of  pulse.  The  commutating  elements  have  a  resistor/resistance, 
to  equal  to  zero  and  changing  in  the  time  in  the  process  of 
commutation.  Therefore  voltage/stress  on  the  commutating  element  also 
varies  for  the  time  of  commutation  (Fig.  3.11)  from  certain  value 
U'n  to  U"h.  This  fact  can  lead  to  the  noticeable  divergence  of  the 
shape  of  the  obtained  pulse  from  the  rectangular. 


Page  147. 
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Essential  is  time  tK,  for  vhich  is  realized  commutation,  and  also 
stability  of  commutation.  The  lav  of  a  change  in  the 
resistor/resistance  of  the  commutating  element,  thus,  determines  the 
form  of  front  and,  consequently,  also  the  shear/section  of  pulse. 

Fig.  3.12  shows  the  process  of  the  discharge  of  the  line,  when  the 
time  of  commutation  is  final.  The  duration  of  front  and  the  cutter  of 
the  formed/shaped  pulse  can  to  a  greater  degree  be  determined  by  the 
characteristics  of  the  commutating  element,  than  by  the  special 
features  of  the  transient  response  of  line. 

Therefore  it  is  desirable  so  that  resistor/resistance  of 
commutating  element  (contact  resistance)  would  be  constant  and  it  is 
close  to  zero.  The  contact  of  commutator  must  if  necessary  provide 
sufficiently  high  current.  The  instability  of  the  time  of  commutation 
(with  the  formation  of  periodic  pulses)  must  be  considerably  less  than 
the  assigned  duration  of  the  edge  and  o'  pulse.  The  frequency  of  the 
formed/shaped  pulses  in  this  case  is  determined,  as  a  rule,  by  the 
frequency  of  commutation.  Therefore  it  is  desirable  so  that  the 
commutator  would  be  controlled  by  external  trigger  pulse. 
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Fig.  3.11.  Voltage  oscillogram  on  commutating  element. 


t 


Fig.  3.12.  Voltage  oscillograms  impulse  shaping  in  diagram  with 
commutator,  which  has  finite  time  of  commutation:  u»  -  voltage/stress 
on  line,  u„-  voltage/stress  on  load. 

Page  148. 

In  generators  of  nanosecond  pulses  find  use  switching 
devices/equipment,  which  use  thyratrons,  mechanical  relay,  electron 
tubes  and  and  gap  arrestors. 

Output  pulse  in  in  practice  utilized  devices/equipment  is 
transmitted  through  high-frequency  cable,  which  is  coordinated  with 
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load  resistance/resistor.  If  necessary  for  observation  on  the 
oscillograph  of  the  formed/shaped  pulse  for  guaranteeing  the  required 
synchronization  it  is  desirable  to  provide  in  the  diagram  the  output, 
from  which  it  is  possible  to  obtain  the  trigger  pulse  of 
scanning/s veep  of  oscillograph.  For  the  same  purpose  the  main  impulse 
must  be  delayed  on  the  period,  required  for  functioning  of  sweep 
circuits.  In  these  cases  load  resistor/resistance  is  made  in  the  form 
of  the  voltage  divider  with  several  outputs,  each  of  which  is 
connected  with  the  high-frequency  cable,  which  has  the  necessary  delay 
time  of  the  pulse,  transmitted  through  it.  The  input  resistance  of 
divider  will  be  coordinated  with  the  wave  impedance  forming  lines 
taking  into  account  the  contact  resistance  of  commutator. 

During  proper  selection  of  forming  line  and  commutating  element 
for  guaranteeing  shape  of  pulse,  close  to  -octangular  (front  and 
shear/section  of  order  of  ones  or  portions  of  nanosecond  and  absence 
of  distortions  on  apex/vertex),  it  is  necessary  also  to  care  about 
decrease  of  parasitic  circuit  parameters.  The  latter  fact  causes  high 
requirements  for  the  mounting  of  diagram. 

With  impulse  shaping  (Fig.  3.9)  output  pulse  is  removed/taken 
from  load,  whose  resistor/resistance  is  equal  to  wave  impedance  of 
forming  line. 
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Fig.  3.13.  Pulse-shaping  circuit  with  line,  loaded  at  both 
ends/leads:  a)  with  two  commutators;  b)  with  one. 

Page  149. 

As  the  load  usually  are  utilized  coaxial  cables,  whose  wave  impedance 
has  the  small  number  of  different  nominal  values. 

This  essential  deficiency  in  diagrams  to  a  considerable  degree 
described  earlier  is  removed  in  method  of  formation  with  discharge 
line,  loaded  to  effective  resistance  at  both  ends/leads.  Fig.  3.13a 
gives  the  diagram  of  formation,  proposed  by  Yu.  V.  Vvedenskiy  [43, 
44],  in  which  instead  of  the  discharge  line,  extended  at  one  end/lead, 
is  used  the  line  (coaxial  cable),  loaded  at  one  end/lead  for  certain 
load  Rn  (required  on  the  working  conditions)  and  on  matched  impedance 
R. at  other  end/ lead. 
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Is  here  preliminarily  charged/loaded  through  resistor/resistance 
of  Ri  line  at  moment  of  closing/shorting  key/wrench  Kx  begins  to  be 
discharged.  Let  from  the  end/lead  B  along  the  line  begin  to  be 
propagated  the  wave  of  voltage/stress  Uj.  less  than  E/2,  since  ^«>P 
(Fig.  3.14). 


1 
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Fig.  3.14.  Wave  allocation  of  voltage/stress  along  line  (a)  and  on 
load  (b). 

Page  150. 

At  the  moment  of  the  arrival  of  wave  toward  the  end  A  of  line  is 
closed  key /wrench  K,  the  forming  line  it  proves  to  be  loaded  to 
resistor/resistance  Rc-  Because  of  this  conversely  to  load  K  will  go 
sum  wave  Ua+U,,  whose  value  is  determined  by  the  relationship/ratio 
between  the  wave  impedance  of  cable  p  and  by  resistor/resistance  Rc- 
Here  Ua  -  wave,  reflected  from  end/lead  A  of  line;  Ua  -  wave,  caused 
during  closing/shorting  of  key/wrench  Ka.  The  relationship/ratio 
between  the  resistors/resistances  p  and  Re  is  selected  in  such  a  way 
that  backward  wave  after  reflection  from  load  (at  the  end/lead  B) 
would  completely  remove/take  from  it  voltage/stress. 
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Since  voltage/stress  on  load  at  moment/ torque  must  be  turned 


into  zero,  i.e.,  ui  +  U,  +  U,  +  Ut  + E  ^  0.  (3.16) 

it  is  possible  to  find  from  this  condition  value  of  matching  impedance 
Re  The  amplitudes  of  the  propagated  waves  will  be  respectively  equal 


(3.16) 


/  — _  f _ L_ 


£/,=  —  £ 


p  ftc  —  P 
P  +  Rn  Re  +  p' 


,, _ p(  1 _ l _ t  I 

4  \  p  -f*  Ra  p  -f-  Ru  Rc  “b  P  '  P“t“^c  j 


(3.17) 


In  resulting  expressions  final  duration  of  wave  front  is  not 
considered,  but  charging  resistor  Rx  is  considered  as  the  very  large. 
If  inequality  ?<Ra,  occurs  then  matched  impedance  differs  little  from 
the  wave  impedance. 


With  change  in  value  of  load  from  #a  =  P  to  value  Rn>  p  value  of 
matched  impedance  virtually  on  is  changed.  If  the  forming  line  has 
the  low  wave  impedance  (for  example,  it  is  used  the  corresponding 
strip  transmission  line),  then  the  value  of  load  can  vary  from  ten  of 
ohms  to  megohm  with  constant  quantity  of  resistor/resistance  Rc,  and 
the  shape  of  pulse  remains  rectangular. 

Page  151. 

As  can  be  seen  from  operating  principle  of  diagram,  between 
moments/torques  of  closing/shorting  keys/wrenches  Kx  and  K,  is  passed  3 
time,  equal  to  half  of  duration  of  formed/shaped  pulse.  Changing  the 
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time  of  closing  key/wrench  K2,  it  is  possible  to  regulate  the  pulse 
duration  in  the  limits  from  the  dual  delay  of  the  forming  line  to  the 
doubled  duration  of  the  wave  front,  which  is  determined  by  the  time  of 
the  commutation  of  key/wrench. 

If  time  interval  between  closing/shorting  of  keys/wrenches  Kx  and 
R,  will  be  considerably  more  than  delay  time  of  formed/shaped  pulse, 
then  steps,  explained  by  presence  of  wave  reflection  from  extended 
end/lead  A  of  line,  will  appear  at  apex/vertex  of  this  pulse.. 


In  real  cases  usually  Rc~0AR„.  With  load  change  the  amplitude  of 
formed/shaped  pulse,  which  is  here  greater  than  E/2,  changes 
insignificantly.  This  change  can  be  rated/estimated  with  use  of  the 
expression 


+  - 


Re_ 

R„ 


l  +  £r 


(.'5.18) 


Efficiency  of  this  diagram  is  less  than  diagram  with  matched  load 
(Fig.  3.9). 


To  deficiencies  in  method  of  formation  in  question  can  be 
attributed  requirement  for  two  keys/wrenches.  Therefore,  if  there  is 
no  need  for  continuously  variable  control  of  the  pulse  duration, 
diagram  can  be  altered,  as  this  is  shown  in  Fig.  3.13b  [44].  In  this 
case  both  waves  of  the  voltage/stress  of  the  discharge  of  line  begin 
to  be  propagated  from  the  ends/leads  of  the  line  during 
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closing/shorting  of  key/wrench  simultaneously.  The  pulse  duration  is 
obtained  here  two  times  less,  since  it  is  determined  now  by  the 
propagation  of  wave  only  in  one  direction. 

Page  152. 

3.3.  Impulse  shaping  in  non-uniforms  circuit. 

In  some  practical  cases  of  impulse  shaping  of  nanosecond  duration 
of  small  and  large  power  difficulties,  connected  with  need  for 
impedance  matching  of  load  with  wave  impedance  of  forming  lines  with 
the  aid  of  special  matching  systems,  are  encountered,  while  in  number 
of  cases  load  contains  except  active  even  and  reactance.  In  the  case 
of  pulsing  of  high  voltage  it  is  necessary  to  use  the  forming  lines, 
designed  for  high  voltages  or  large  workers  after  all.  This 
substantially  complicates  the  construction/design  of  generators,  it 
makes  with  its  bulkier,  which  leads  to  an  increase  in  the  circuit 
parameters,  which  affect  the  duration  of  front  and  shear/section  of 
the  formed/shaped  pulse. 

Noted  difficulty  in  number  of  cases  succeeds  in  decreasing  or 
completely  removing  during  use  those  of  heterogeneous  forming  lines. 

Decrease  in  charging  voltage  (current)  in  the  diagrams  with 
non-uniforms  circuit. 


With  impulse  shaping  of  nanosecond  duration  of  high  voltage  in 
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diagram  with  discharge  line  for  reduction  in  voltage/stress  on  line  it 


is  possible  to  use  method,  proposed  by  0.  N.  Litvinenko,  by  V,  a. 

II' in,  by  V.  I.  Soshnikov  [1,  45].  High  charging  voltage  on  the 
usual  uniform  forming  lines  depends  on  the  fact  that  entire/all  that 
energy,  which  during  the  pulse  duration  is  realized  on  the  load 
resistor/resistance,  reserves  itself  in  a  comparatively  small  static 
capacity/capacitance  of  line.  An  increase  in  this  capacitance  for  the 
assigned  pulse  duration  is  connected  with  a  change  in  the  line 
characteristic;  in  view  of  the  fixed/recorded  value  of  load, 
coordinated  with  the  line  characteristic,  its  change  proves  to  be 
impossible. 

Charging  voltage  of  line  can  be  reduced,  if  supplementary 
accumulator/storage,  which  accumulates  part  of  energy,  reserved  by 
device/equipment  will  be  included  in  oscillator  circuit.  Lumped 
capacitance  can  perform  the  role  of  this  accumulator/storage  (Fig. 
3.15).  However,  in  this  case  it  is  not  possible  to  use  the  uniform 
forming  line,  since  the  inclusion  in  the  diagram  of  lumped  capacitance 
will  change  the  resistor/resistance  of  circuit  and  generator  it  will 
lose  its  forming  properties. 

Page  153. 

Input  resistance  of  diagram  with  capacitance  and  non-uniform 
circuit,  measured  between  points  a-a'  with  off  voltage  source  and 
resistor/resistance  R,«  must  be  determined  by  expression  (3.2) 
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Z„(P)  ---  W„ctll  /y. 

For  determination  of  necessary  law  of  change  in  wave  impedance  of 
non-uniform  circuit  it  is  possible  to  examine  equivalent  diagram  (Fig. 
3.16),  comprised  for  determining  voltage/stress  on  resistor/resistance 
R»-  Charged/ loaded  to  voltage/stress  E  the  section  of  line  is  here 
represented  in  the  form  of  the  dc  power  supply  E  and 
resistor/resistance  2„„  measured  between  points  b-b'.  The  pulse  on 
load  Rh,  which  appears  after  closing/shorting  of  key/wrench  K,  will 
have  rectangular  form  in  such  a  case,  when  the  current,  flowing 
through  this  resistor/resistance  for  time  will  not  change  its 
value.  This  is  possible  in  such  a  case,  when  the  source  of  voltage  E 
it  is  loaded  the  resistor/resistance,  which  has  purely  active 
character.  In  other  words,  resistor/resistance  zDV  must  be  the  series 
connection  of  effective  resistance  and  negative  capacitance,  which  on 
the  modulus /module  must  be  equal  to  capacitance  of  C. 
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Fig.  3.15.  Fig.  3.16. 

Fig.  3.15.  Diagram  of  generation  of  pulse  with  non-uniform  circuit 
and  supplementary  capacitor/condenser. 

Fig.  3.16.  Equivalent  schematic  of  shaper. 

Page  154. 

It  is  possible  to  show  that  in  this  case  it  is  necessary  to  use 
parabolic  type  non-uniform  circuit,  whose  wave  impedance  along  the 
axis  of  line  changes  according  to  the  law  of  [45] 

Pf.*)-P.(! (3.19) 

where  x  -  coordinate,  calculated  off  the  beginning  of  line  along  its 
longitudinal  axis; 

N  -  parameter  of  line,  which  characterizes  rate  of  change  of  its 
wave  impedance; 

p0  —  wave  impedance  in  the  beginning  of  line. 

Input  resistance  of  this  line  (extended  at  end/lead)  is  expressed 


where  Cx  -  capacitance,  whose  value  is  determined  by 
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relationship/ratio 

C,  =— ;  (3.21) 

1  Vf>, 

y  -  wave  propagation  velocity  along  line. 

As  is  evident,  input  resistance  of  parabolic  line  differs  from 
input  resistance  of  usual  uniform  forming  line  only  by  presence  of 
term  -  1/pCj,  that  is  operational  image  of  resistor/resistance  of 
certain  negative  capacitance.  Thus,  the  actually  consecutive  compound 
of  this  line  with  capacitance  C,  in  the  absolute  value  of  the  equal 
capacitor  Clf  forms  circuit  with  an  input  resistance  of 

Z  (p)  =  p#cl!i  ~2~ • 

which  coincides  with  the  image  of  the  resistor/resistance  of  the  usual 
forming  two-terminal  network. 

Thus,  circuit  in  the  form  of  series  connection  of  line,  whose 
wave  impedance  changes  according  to  parabolic  law,  and  lumped 
capacitances  can  serve  as  discharge  line  in  squaring  circuit. 

Presence  in  this  generator  of  supplementary  capacitance  of  C 
makes  it  possible  to  substantially  lower  working  voltage/stress  on 
line.  Actually,  in  the  process  of  the  charge  of  diagram  supply 
voltage  proves  to  be  applied  to  the  circuit,  formed  by  the  consecutive 
connection  of  capacitance  of  C  and  static  capacitance  of  line,  and 
after  the  termination  of  charge  it  is  divided  between  the  elements 
indicated  inversely  proportional  to  the  values  of  their  capacitance. 
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Selecting  capacitance  value  C,  it  is  possible  to  ensure  decrease 
in  charging  voltage  to  a  certain  degree  directly  on  line. 

It  is  considered  during  selection  of  capacitance  value  C  that  it 
determines  required  rate  of  decrease  of  wave  impedance  along  axis  of 
non-uniform  circuit,  i.e.,  determines  parameter  N.  Virtually 
capacitance  of  C  can  be  equal  to  the  static  capacitance  of  line.  In 
this  case  it  is  possible  to  use  voltage-doubling  circuit,  in  which 
during  the  charge  of  circuit  capacitanc  of  C,  connected  in  parallel 
with  the  line,  is  connectfed  to  the  source  of  voltage  E  and  is  charged 
up  to  the  value  of  this  voltage/stress. 

These  elements  prove  to  be  those  switched  on  between  themselves 
consecutively/serially  during  discharge  of  circuit  (with  impulse 
shaping),  in  view  of  which  general/common  equivalent  emf,  which 
operates  in  discharge  circuit,  is  equal  to  doubled  supply  voltage. 
This  fact  allows  approximately  doubly  (with  an  accuracy  to  a  voltage 
drop  across  commutator)  to  reduce  the  value  of  supply  voltage. 

If  for  impulse  shaping  is  utilized  diagram  with  second-order 
two-terminal  network  (with  short-circuited  line),  then  it  is  possible 
to  lower  charging  current  by  inclusion  in  forming  circuit  of 
supplementary  inductance  L  (Fig.  3.17).  Inductance  here  plays  the 
same  role,  as  capacitance  in  the  diagram  in  Fig.  3.15. 
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For  impulse  shaping  of  right-angled  in  this  diagram  it  is 
necessary  to  utilize  non-uniform  circuit,  whose  wave  impedance  changes 
according  to  hyperbolic  law 


P  (-v:)  = 


p. 

(I  —  x!N)'  ' 


(3.22) 


3 
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Fig.  3.17.  Pulse-shaping  circuit  with  non-uniform  circuit  and 
supplementary  inductance. 
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In  this  case  value  of  inductance  must  be  undertaken  equal  to 

L  —  Np9/v,  (3.23) 

where,  as  before,  N  -  parameter  of  line,  which  characterizes  rate  of 
change  of  its  wave  impedance;  p«  -  wave  impedance  in  the  beginning  of 
line;  v  -  wave  propagation  velocity. 

Correction  of  the  shape  of  pulse  with  the  aid  of  non-uniform  circuit. 

Besides  diagrams  of  decrease  in  charging  voltage  (current)  in 
lines,  which  it  is  expedient  to  use  with  formation  of  powerful  pulses, 
non-uniforms  circuit  can  be  successfully  used  for  correction  of  shape 
of  pulses.  In  the  real  diagrams  sometimes  it  is  impossible  to  avoid 
the  parasitic  parameters.  So  load  instead  of  the  purely  active  proves 
to  be  complex. 

If,  for  example,  for  formation  of  square  pulse  it  is  utilized 
with  uniform  discharge  line,  extended  at  one  end/lead  and  loaded  to 
effective  resistance  Rn  on  other,  then  presence  of  stray  inductance 
f-H.  back-out  resistor  R„  leads  to  distortion  of  shape  of  pulse. 

Let  line  with  wave  impedance  p  be  preliminarily  charged/loaded  to 
voltage/stress  E.  Then  during  the  discharge  of  line  on  load  Z„,  which  J 
presents  the  parallel  connection  of  resistor/resistance  R«  and 
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inductance  U,  voltage/stress  on  the  load  will  be  u„.  it  is  easy  to 
show  that  the  operational  expression  for  this  voltage/stress  will  be 

_ £ _ pL„RM  _  E  p 


u„(p)=- 


Ra  + 


L„pR„  pLa  *■}-  Ra  2  p  - {-  R„I2L„ 
pLa  -f-  Ra 


or,  passing  to  the  original 


2 


(3.24) 


As  is  evident,  shaped  pulse  of  voltage/stress  decreases 
exponentially. 


Page  157. 

Relative  value  of  decay  in  the  pulse  apex  is  determined  by  the 
expression 


//(<>)  -  n  (t„) _ ,  _  >  -'  n 

«'('•)  c 

For  retention/maintaining  under  these  conditions  of  rectangular 
shape  of  pulse,  as  0.  N.  Litvinenko  [1,  45]  showed,  it  is  possible 
instead  of  uniform  line  to  use  heterogeneous  forming  line,  whose  wave 
impedance  p(x)  changes  according  to  hyperbolic  law. 

In  this  case  diagram  of  formation  (Fig.  3.18a)  with  non-uniform 
circuit  of  finite  length,  charged/loaded  in  initial  state  to 
voltage/stress  E,  can  be  enticed  by  equivalent  diagram  (Fig.  3.18b), 
where  line  is  undertaken  infinite  length.  This  is  correct  only  for 
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the  range  of  time  from  t*0  to  /=/„.  i.e.  for  the  doubled  delay  time  of 
the  section  of  the  line,  when  the  form  of  voltage/stress  on 
resistor/resistance  Z„  does  not  depend  on  conditions  at  the  end/lead 
of  the  line. 


If  input  resistance  of  infinitely  long  non-uniform  circuit  ZH 
then  voltage/stress  on  resistor/resistance  Z„  will  be  equally 


u»  -- 


EZU 


2.x  +  2„ 


(3.25) 


If  on  load  pulse  is  formed/shaped  right-angled,  then 
voltage/stress  for  period  j.s  constant  value.  At  the  moment 

of  closing/shorting  the  key/wrench  voltage/stress  on  the  load 


ER„ 


R»  +  9  o 


(3.26) 


where  p,  -  wave  impedance  in  the  beginning  of  line. 
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Fig.  3.18.  Pulse-shaping  circuit  with  corrective  non-uniform  circuit 
(a)  and  its  equivalent  diagram  (b) . 

Page  158. 


Since  «,,=const,  then  the  same  value  M«  will  be  supported  during 
entire  period  in  question.  Thus,  for  the  input  resistance  of 
non-uniform  circuit  we  will  obtain  from  (3.25)  taking  into  account 
(3.26)  the  operational  expression 


( P )  ( P ) 


P.  _  p!-«  Pn 


Po 


Rm  pLm  +  P,  1  +  R„lpLn 


(3.27) 


Knowing  input  resistance,  it  is  possible  to  find  law  of  change  in 
wave  impedance  along  line  (along  x  axis). 


As  shown  into  S  1.8,  processes  in  non-uniform  circuit  are 
described  by  equations: 


da 

dx 

dl_ 

dx 


where  L(x)  and  C(x)  -  linear  parameters  of  line; 
x  -  distance  from  beginning  of  line. 
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Converting  these  equations  and  deciding  by  their  path,  analogous 
how  this  is  made  into  S  1.8,  it  is  possible  to  show  that  expression 
for  wave  impedance  will  take  form 

PW=7 - ,  (3.28) 

O+friO 

where  v  -  wave  propagation  velocity  along  line. 

Thus,  wave  impedance  changes  according  to  hyperbolic  law. 

Resistor/resistance  p0  is  found  from  condition  of  minimum 
remainder/residue  of  energy  in  line  after  its  discharge  and  is  equal 
to  P,  Insignificant  energy  (about  1%)  remains  during  the 

discharge  of  line  in  it,  but  the  apex/vertex  of  the  formed/shaped 
pulse  becomes  flat/plane.  However,  over  the  load  energy  in  turn  is 
distributed  between  payload  R*  and  stray  inductance  I„. 

Page  159. 

Since  in  the  shapers  the  energy,  stored  up  in  the  inductance,  is  not 
utilized,  then  it  must  be  scattered  on  the  supplementary  elements, 
specially  introduced  into  the  diagram  (diodes,  thyratrons),  which 
leads  to  the  complication  of  diagram  and  decreases  its  efficiency. 

The  greater  the  decay  in  the  pulse  apex  it  is  corrected  by  hyperbole 
trace,  the  greater  the  energy  reserves  itself  in  inductance  Lu. 


Diagram  of  formation  with  matching  non-uniform  circuit. 
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In  certain  cases  during  use  of  diagram  with  discharge  line 
effective  resistance  of  load  cannot  be  undertaken  by  equal  to  wave 
impedance  of  forming  line.  Then  agreements  use  non-uniform  circuit, 
which  performs  the  role  of  transformer.  However,  as  it  was  shown  into 
S  1.8,  non-uniform  circuit  distorts  the  flat/plane  part  of  the  pulse. 

So  that  the  pulse  on  the  load  would  be  rectangular,  discharge  line 
also  must  be  heterogeneous. 

Fig.  3.19a  gives  diagram,  where  between  discharge  exponential 
line  1  and  load  R„  after  key/wrench  K  is  included/switched  on  matching 
transformer  2  in  the  form  of  exponential  line  of  transmission  [46], 

Fig.  3.19b  gives  the  equivalent  schematic  of  this  device/equipment. 

Load  resistor/resistance  is  selected  by  the  equal  to  the 
resistor/resistance  of  transformer  in  output  terminals.  It  is  evident 
from  the  equivalent  diagram  that  the  voltage  on  the  input  of 
transformer  (point  C)  will  be 

U  —  -  — — 
uc  Z,+  ZS 

where  Zx  -  input  resistance  of  the  forming  line  (from  the  side  of 
commutator) ; 

Z,  -  input  resistance  of  transformer. 
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Fig.  3.19.  Diagram  of  formation  with  matching  non-uniform  circuit  (a) 
and  its  equivalent  diagram  (b). 

Page  160. 

From  theory  of  exponential  line,  which  is  used  as  forming 
two-terminal  network  and  transformer,  are  known  expressions  for  input 
resistances  [40,  46,  47],  The  wave  impedance  of  exponential  line 
according  to  (1.109)  is  equal 

P  (•*)  =  PoeAjr  =  j/  eftx. 


input  resistance  of  exponential  forming  line  has  following 
operational  expression: 


iP)  =  p,  [i  +  tztt  +  1  -  k'<:" 


,  (3.29) 


2/"=.  \  4pt*u 

where  t,x  -  delay  time,  which  corresponds  to  overall  length  of  line 


lx 


Input  resistance  of  transformer,  coordinated  with  termination, 


) 
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Z,  (PI =  PM  [l  +  U~  e  )J  •  (3-30) 

It  is  here  assumed  that  both  lines  have  identical  delay  per  unit 
of  length  t,„*const,  and  exponents  kx  and  k,  are  different. 

After  substituting  values  of  resistors/resistances  of  Z2(p)  and 
Z2(p)  into  expression  for  Uc,  we  will  obtain  for  image  of  voltage  on 
input  of  transformer  (at  point  C  in  Fig.  3.19b)  following  expression: 


UAp) 


L  A 


4  pU» 


—  e 


(1 


-*P<Z 


r . 


\ 


i  — 


l#»* 


E 


*Plt u  ) 


+ 


»J4 


(3.31) 


As  positive  direction  of  motion  of  wave  is  accepted  motion  to  the 
left  for  forming  line  and  from  left  to  right  for  transformer,  and  are 
also  taken  into  consideration  corresponding  signs  in  coefficients  of 
Kj  and  K, . 


Page  161. 

Exponential  term  with  index  2ptaj  considers  the  presence  of 
reflections  from  the  outlet  end  of  the  transformer. 


Voltage/stress  V„  in  terminals  of  termination  (at  point  D  in  Fig. 
3.19b)  can  be  found,  if  we  use  solution  of  equation  for  exponential 
line  [46],  after  using  it  in  this  case  to  exponential  transformer. 
Output  voltage/stress  u„  will  be  composed  from  direct  wave,  which  is 
propagated  from  point  C  to  d  and  reflected,  passing  from  point  D 
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to  c  (U"„).  i.e. 


yiI  =  t/'„  +  D"u  =  t/'u(l  +«-). 


where  /«„  -  reflection  coefficient  on  the  voltage  from  the  outlet  end 


of  the  transformer: 


mu  —  — ~ 


Image  for  voltage/stress  U\y  will  take  the  form 


*  *  II  — pi  f  \ 

U'u(p)-U\(p)C-^e 


where  value  U\(p)  in  the  case  in  question  is  equal  to  value  Uc(pi 
Then  the  output  voltage/stress 


_  e-2p'”  l  -  - 


a  P  b  k  .*»/ j  2 

sjr- 

_ k, _ *p»i  _  k:J3t  yifi 

”  vpi->*  4i“-»  'J  - 


(3.32) 


Factors,  which  determine  value  of  transformation  ratio  of  voltage 
and  delay  time  in  transformer  are  here  omitted.  In  the  forming  system 
the  divergence  of  the  pulse  amplitude  from  the  constant  value  is 
determined  by  the  second  and  third  members  of  expression  (3.32). 

These  terms  are  reduced,  if  the  condition 


k  J.tt 


is  satisfied. 
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Condition,  necessary  for  compensation  for  decay  ("avalanche")  in 
pulse  apex,  thus,  can  be  recorded  in  the  following  form: 

_kj__kjt22  (333, 

k,  2U  ' 

Let  us  recall  that  for  forming  line  and  transformer  is  accepted 
equality  of  delay  times  per  unit  of  length,  i.e., 

Transformer  must  be  designed  so  that  pulse  amplitude  would  be 
reduced  not  more  than  to  10%  in  the  case  of  its  connection/attachment 
to  usual  forming  line  (to  uniform).  Then,  assuming/setting  in 
expression  (3.32)  K^O  and  producing  integration  for  the  time  from  t=0 
to  t=2t  j  x ,  we  obtain 

^£-  =  0,1.  (3.34) 

Thus,  using  known  values  p„,  t3a  and  duration  of  pulse  — 2ru< 
from  expression  (3.34)  we  find  k,,  and  values  of  t,2  and  kt  -  from 
expression  (3.33). 

If  forming  line  and  transformer  have  identical  delay  per  unit  of 
length,  then  necessary  lengths  of  lines  are  assigned  by 
relationships/ratios 

t*  i  fa  (3.35) 

’  it* 

System  examined,  which  consists  of  exponential  forming  line  and 
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transformer,  makes  it  possible  to  obtain  on  termination  pulse,  very 
close  in  form  to  rectangular,  although  resistance/resistor  of  load 
can  considerably  differ  from  wave  impedance  of  forming  line. 

Diagrams  of  formation  with  uniform  and  non-uniforms  circuit 
examined  it  requires  application  of  lines,  whose  sizes/dimensions 
become  large,  if  pulse  duration  is  more  than  5-10  ns. 

Page  163. 

Thus,  in  the  case  of  using  coaxial  cable  in  the  diagram  with  the 
discharge  line  its  length  is  equal  to  1  m  for  the  duration  of  pulse  10 
ns.  Therefore  they  are  of  interest  of  the  forming  lines  with  the  long 
delay  time  per  unit  of  length. 

Ya.  S.  Itskhoki  [1]  has  proposed  special  construction/design  of 
magnetodielectric  line  for  impulse  shaping  of  short  duration.  Line 
has  the  sufficiently  long  delay  time  and  the  significant  magnitude  of 
wave  impedance.  This  is  achieved/reached  by  loading  during  the 
special  construction/design  of  the  cable,  distinctive  features  of 
which  is  the  special  method  of  introduction  inside  the  cable  of 
magnetic  dielectric. 

Idea  of  construction/design  of  cable  is  illustrated  by  Fig.  3.20. 
Central  current-conducting  rod  (1)  is  surrounded  by  ferromagnetic 
cylinder  (2),  which  is  assembled  from  the  thin  plates  of  ferromagnetic 
material,  isolated  from  each  other  by  the  insulating  layers. 
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Ferromagnetic  cylinder  is  surrounded  by  the  concentric  "dielectric 
cylinder"  (3),  which  fits  closely  by  external  surface  to  external 
conducting  cable  sheathing  (4). 

In  cable  of  described  construction/design  magnetic  field  is 
concentrated,  in  essence,  in  ferromagnetic  cylinder,  and  electric 
field  -  in  dielectric  cylinder.  Ferromagnetic  cylinder  does  not  block 
the  course  of  permittance  current  in  the  radial  direction  of  cable, 
but  it  blocks  (due  to  the  presence  of  those  insulating  interlayer)  the 
course  of  conduction  current  lengthwise  of  cable.  Due  to  this  into 
dozens  of  times  it  is  possible  to  raise  both  the  linear  inductance  of 
cable  and  linear  capacity/capacitance.  Therefore  it  is  possible  to 
construct  this  cable  with  the  wave  impedance  into  several  hundred  ohms 
with  the  long  delay  time  per  unit  of  length  (order  of  several  ten 
nanoseconds  to  the  meter). 
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Fig.  3.20.  Diagrammat ic  representation  of  construction/design  of 
magnetodielectric  forming  line. 
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Linear  parameters  of  cable  are  determined  by  relationship/ratio 

Cl] s  > 


L  — 

V-i-io-1 

,'V  1 

^MKIH  1 

2"  (•„  +  «,) 

lnir  I 

2.22k 

1 

1  ,  d‘ 

1  ( V 

\CM  ’ 

*.  ^  +  ' 

“In  y 
a 

1  .1 

Key: 

(1). 

mH. 

(2). 

where  |»4—  operating  in  the  pulsed  operation  magnetic  permeability  of 
ferromagnetic  washers  (by  thickness  r'J: 

and  e,  -  with  respect  the  dielectric  constants  of  dielectric 
cylinder  and  insulating  layer  of  internal  wiring  of  cable; 

5.  -  thickness  of  the  insulating  layer  between  the  ferromagnetic 
washers . 

ll]  Show  experimental  investigations  that  with  the  aid  of  this 
magnetodielectric  forming  line  it  is  possible  to  obtain  to  pulse  by 
duration  several  ten  nanoseconds  during  relatively  steep  front  and 
shear/section.  For  the  formation  of  such  pulses  can  be  also  used 
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spiral  coaxial  cables  of  the  delays,  whose  data  are  cited  in  Table 
1.3. 


3.4.  PROPERTIES  OF  THYRATRON  AS  THE  COMMUTATING  ELEMENT  OF  THE 
NETWORKS  OF  THE  FORMATION  OF  NANOSECOND  PULSES. 


As  commutating  element  in  pulse-shaping  circuits  of  nanosecond 
duration  thyratrons  find  wide  application.  The  advantages  of 
thyratrons  as  commutators  include  their  following  properties: 

-  control  capability  of  the  moment/torque  of  commutation,  also, 
within  certain  limits  of  frequent  commutation; 

-  low  value  of  a  voltage  drop  across  commutator; 

-  the  significant  magnitude  of  the  permissible  discharge  current 
with  the  relatively  low  voltages/stresses; 

-  possibility  of  work  in  the  sufficiently  broad  band  of  anode 
voltages . 

Page  165. 

With  impulse  shaping  of  nanosecond  duration  to  thyratron  as 
commutator  are  presented  stringent  requirements  relative  to  speed  of 
response.  Time  the  course  of  this  time  determine  the  form  of  front 
and  partially  pulse  apices.  The  stability  of  the  moment/torque  of 
commutation  and  the  frequency  of  commutation  are  other  important 
requirements. 

Depending  on  character  of  processes  of  ionization  and 
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deionization  in  thyratron  it  to  a  certain  degree  can  satisfy 
requirements  indicated.  The  considerable  number  of  investigations  is 
devoted  to  the  processes  of  deionization  and  ionization  in  the 
thyratrons.  To  questions  of  deionization  time  was  initially  given 
more  than  attention,  since  the  process  of  deionization  limits  the 
operating  frequency  of  thyratron.  The  duration  of  the  ionization  of 
thyratron  was  counted  very  small  in  comparison  with  the  deionization 
time  and  the  pulse  duration,  and  therefore  they  frequently  disregarded 
it. 


Process  of  deionization  depends  on  internal  factors,  such,  as 
character  of  gas  filling,  construction/design  of  electrodes  of 
thyratron,  and  from  external  -  circuit  diagrams  of  thyratron  and  mode 
of  its  operation  [48,  49,  50]. 

It  is  known  that  in  period  of  deionization  instantaneous  value  of 
breakdown  strength  of  thyratron  depends  on  value  of  pulse  of  anode 
current,  grid  bias  and  resistor/resistance  passed  through  thyratron. 
With  a  change  in  the  value  of  anode  voltage  or  duration  of  the 
formed/shaped  pulse  the  process  of  deionization  in  the  time  will 
flow/occur  somewhat  differently. 

Sometimes  for  evaluation/estimate  of  limiting  frequency  of 
separate  thyratrons  they  use  relationship/ratio 

-  const. 


where  Vn  -  anode  voltage; 


DOC  -  88076710 


A&7 


in  -  anode  current  of  thyratron? 

F  -  pulse  repetition  rate.  The  value  of  constant  is  different 
for  different  thyratrons. 

Page  166. 

With  work  of  thyratron  in  oscillator  circuit  at  the  beginning  of 
ignition  of  thyratrons  at  different  moments  of  time  (from  one  pulse  to 
the  next)  state  of  the  gas  in  it  can  differ  somewhat,  i.e.,  process  of 
deionization  proceeds  somewhat  differently.  This  fact  leads  to  a 
change  in  the  firing  point  of  thyratron  during  the  supplying  to  its 
grid  of  identical  and  strictly  stable  in  the  time  trigger  pulse,  i.e., 
causes  the  instability  of  commutation,  what  is  an  essential  deficiency 
in  the  thyratron. 

Application  of  thyratron  in  pulse  generators  of  nanosecond 
duration  led  to  need  for  more  detailed  study  not  only  of  process  of 
deionization,  but  also  process  of  ionization,  or  stability  of  ignition 
of  thyratron.  In  the  works,  dedicated  to  the  studies  of  deionization 
and  ionization  of  thyratrons,  some  authors  expressed  considerations 
relative  to  the  reasons,  which  cause  ionization  time  [48,  49,  50]. 

They  sometimes  divide  ionization  time  into  two  intervals.  During 
the  first  interval,  called  delay  time,  the  anode  current  of  thyratron 
changes  very  slowly,  for  the  time  of  the  second  interval,  called  the 
time  of  commutation,  anode  current  changes  sharply.  Duration  of  both 
periods  is  connected  with  the  special  features  of  ionization  and  is 
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different  for  different  thyratrons. 

Absence  at  present  of  sufficient  theoretical  data  of  those  making 
it  possible  to  accurately  determine  time  of  commutation  of  thyratron, 
is  completed  by  experimental  investigations  of  commutation  properties 
of  thyratrons,  which  became  possible  with  development  of 
h igh-speed/h igh-veloc i ty  os c i 1 lography . 


.) 
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Fig.  3.21.  Characteristic  of  ionization  of  thyratron  (a);  diagram  of 
its  switching  on/inclusion  <b). 

Page  167. 

For  evaluation/estimate  of  commutation  properties  of  thyratron 
are  examined  its  characteristics  of  ionization,  which  present 
dependence  of  change  in  voltage  on  anode  of  thyratrons  from  time  in 
process  of  its  ignition  (Fig.  3.21a).  The  time  of  commutation  can  be 
defined  as  interval  of  At,  in  which  the  anode  voltage  will  fall  from 
value  of  E~a|AU  |  to  E-b  M,  where  E  -  supply  voltage  (Fig.  3.21b); 

AU  -  total  variation  in  the  anode  voltage.  Coefficients  a  and  b  are 
usually  taken  as  equal  to  with  respect  0.1  and  0.9.  Moment  of  time  t, 
characterizes  the  time  lag  of  the  ignition  of  thyratrons.  For 
obtaining  the  characteristic  of  ionization  it  is  necessary  to 
remove/take  the  oscillogram  of  anode  voltage  U(t)  (Fig.  3.21a)  or 
voltages/stresses  U„U)  on  known  resistive  load  R„  (Fig.  3.22), 
connected  in  series  with  the  thyratron,  to  which  is  given  the 
voltage/stress  from  the  dc  power  supply  with  the  zero 
resistor/resistance.  In  this  case  a  change  in  the  voltage/stress  on 
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the  load  uniquely  determines  voltage/stress  on  the  thyratron: 

UT  (0  =  £  U„  (t)t 

the  current  through  the  thyratron 


and,  therefore,  the  resistor/resistance  of  thyratron  as  the  function 
of  the  time 
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Fig.  3.22.  Circuit  diagram  of  cathode-loaded  thyratron  for  plotting 
curve/characteristic  of  ionization. 

Page  168. 

Voltage  source  with  zero  resistor/resistance  is 
capacitor/condenser  C,  whose  value  is  selected  so  that  time  constant 
of  its  discharge 

xi<  —  C  (Rb  Rto) 

would  be  at  least  ten  times  more  than  duration  of  process  being 
investigated.  Here  Rto  -  steady-state  value  of  the  internal 
resistor/resistance  of  thyratron. 

Value  of  resistor/resistance  in  circuit  of  anode  R a  is  taken  by 
such  that  within  period  of  trigger  pulses  capacitor/condenser  C  would 
manage  to  virtually  completely  be  loaded  to  supply  voltage  E.  It  is 
possible  to  consider  during  this  identification  of  the  parameters  of 
diagram  that  during  the  process  being  investigated  the  potential  of 
the  anode  of  thyratron  remains  constant. 
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In  diagram  for  plotting  curves/characteristics  of  ionization 
(Pig.  3.22)  virtually  excluded  effect  parasite  ache  plate  capacitance 
-  earth/ground.  Other  parasitic  circuit  parameters  must  have  low 
value,  such,  that  the  time  constant  of  the  circuits,  which  are  formed 
due  to  the  parasitic  parameters,  would  be  small  in  comparison  with  the 
ionization  time  of  thyratron.  Fig.  3.23  gives  the  equivalent  diagram, 
which  corresponds  to  diagram  in  Fig.  3.22  for  plotting  the 
curves/characteristics  of  the  ionization  of  thyratron  taking  into 
account  the  possible  parasitic  parameters  of  real  installation.  In 
the  diagram  are  shown  the  self-capacitances  of  thyratron  (anode  - 
earth/ground),  (anode  -  cathode),  c>  >•’  (cathode  -  earth/ground), 

the  wiring  capacitance  CM,  C, CaK  an(j  inductance  of  the  anodic  and 
cathode  introductions/ inputs  of  thyratron  U  and  U. 
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Fig.  3.23.  Equivalent  diagram  of  thyratron  diagram  for  plotting 
curve/characteristic  of  ionization  (Fig.  3.22). 

Page  169. 

As  commutating  element  of  pulse-shaping  circuits  of  nanosecond 
duration  of  small  power  had  extensive  application  finger  pulse 
thyratron  of  type  TGI1-31/1,  and  in  pulse-shaping  circuits  of  high 
voltage  are  successfully  utilized  pulse  hydrogen  thyratron  of  type 
TGI1-35/3,  TGI1-50-5,  of  TGI/-I30//0  and  other  more  powerful/thicker 
thyratrons  [50,  51,  52]. 

Table  3.1  gives  average/mean  values  of  stray  capacitances  of  some 
thyratrons,  and  also  value  taking  into  account  mounting  of  real 
diagram  [64,  65]. 

As  show  research  on  the  schemes  with  thyratrons  [51,  52] 
application  of  finger  thyratron  TGI1-3/1  makes  it  possible  to  carry 
out  diagram,  whose  parasitic  parameters  are  so/such  low,  that  they  do 
not  affect  work  of  diagram  and  characteristic  of  ionization  can  be 
obtained  without  distortion  by  its  external  circuits. 
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In  order  to  have  picture  of  ionization  of  thyratron  with 
different  values  of  supply  of  power,  characteristic  of  ionization  it 
is  expedient  to  examine  in  the  form  of  dependence  I/„- «„(£./).  In  fig. 
3.24  are  given  the  characteristics  of  the  ionization  of  a  finger  pulse 
thyratron  of  the  type  TGI1-3/1  with  the  screen  grid,  connected  to 
cathode  [51]. 

Voltage/stress  ««(/)  increases  to  its  steady-state  value  for  time 
for  time  t,  called  total  ionization  time. 


) 
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Table  3.1. 


Key:  (1).  Stray  capacitances.  (2).  Tubes.  (3).  Tubes  and 

mounting. 


Unf'1 


Fig.  3.24.  Characteristics  of  ionization  of  finger  thyratron 
TGI1-3/1. 

Key:  (1).  IN.  (2).  NSK. 

Page  170. 

With  the  voltage  error  of  the  incandescence/filament  of  thyratron  from 
the  nominal  value  the  ionization  time  changes.  An  increase  in  the 
filament  voltage  decreases  the  ionization  time. 


Ionization  time  of  thyratron  can  be  broken  into  two 
gaps/intervals.  The  first  gap/interval  corresponds  to  the  interval  of 
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time  tlf  during  which  occurs  the  rapid  increase  of  voltage/stress 
u, if/)  according  to  the  law,  close  to  the  linear.  During  gap/interval 
tx  in  the  oscillator  circuits  occurs,  in  essence,  the  formation  of  the 
pulse  edge.  The  first  gap/interval  subsequently  will  be  called  simply 
ionization  time. 

Second  gap/interval  corresponds  to  interval  of  time  ta-tx,  when 
voltage/stress  u„(t)  increases  slowly.  This  time  interval  affects 
shaping  of  flat/plane  pulse  apex.  As  can  be  seen  from  characteristics 
(Fig.  3.24),  ionization  time  decreases  with  an  increase  in 
voltage/stress  E.  An  increment  in  voltage/stress  U'  for  time  t2-tx 
remains  with  the  different  values  of  voltage/stress  E  approximately 
identical . 

General  view  of  characteristics  of  ionization  for  different 
values  of  resistance/resistor  of  load  is  not  changed,  changes  only 
value  of  steady-state  value  of  voltage/stress  on  thyratron  uT„  and, 
therefore,  voltage/stress  on  load. 

For  high-voltage  pulse  hydrogen  thyratron  TGI1-35/3,  TGI1-50/5, 
TGI1-130/10  value  of  capacity/capacitance  c,„,  shunting  cathode  load  in 
diagram  in  Fig.  3.22,  is  more  than  in  finger  thyratron,  and  time 
constant  of  circuit  of  charge  of  this  capacity/capacitance  tj  =  R„Cu3  is 
equal  to  1-2  ns  (when  /?„  =  75  ohm),  and  ionization  time  of  thyratrons  of 
approximately  11-14  ns.  Thus,  and  for  these  thyratrons  the  effect  of 
stray  capacitance  also  can  be  disregarded/neglected.  It  should  be 
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noted  that  to  the  filament  circuit  of  powerful/thick  thyratron  it  is 
necessary  to  connect  high-frequency  choke,  since  cathode  and  heater  of 
thyratrons  frequently  have  common  point  and  cathode  load  can  prove  to 
be  the  shunted  capacity/capacitance  of  the  filament  wires  (or  with  the 
capacity/capacitance  of  the  winding  of  filament  transformer)  relative 
to  the  earth/ground. 

Stray  inductance  of  diagram  La,  determined  by  inductance  of 
introductions/inputs  of  high-voltage  thyratrons,  proves  to  be  equal  to 
approximately  0.15-0.2  uH. 

Page  171. 

Therefore  in  the  equivalent  diagram  in  Fig.  3.23  it  is  expedient  to 
leave  inductance  and  ^  been  connected  in  series  with  the 
resistance/resistor  of  load  Ru  and  the  resistor/resistance  of 
thyratron  ^to.  and  stray  capacitances  in  the  first  approximation,  can 
be  disregarded/neglected.  The  time  constant  of  circuit,  which  affects 
the  period  of  the  establishment  of  process  during  plotting  of  the 
curves/characteristics  of  the  ionization  of  thyratron,  thus,  is 
determined  by  expression  r =L„/R,  where  R  -  the  total  resistance  of 
circuit,  and  total  inductance  of  the  introductions/inputs  of 

thyratron. 

Presence  of  parasitic  parameters  of  thyratron,  strictly  speaking, 
does  not  make  it  possible  to  obtain  actual  value  of  ionization  time  of 
thyratron.  I r  the  case  of  the  finger  pulse  thyratron  TGI1-3/1  the 
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time  constant  of  circuit,  caused  by  the  parasitic  parameters  of 
thyratron,  is  considerably  lower  than  the  ionization  time  of  gas  in 
the  thyratron,  and  therefore  the  ionization  time  observed  on  the 
oscillograph  corresponds  to  actual  value.  However,  in  the  case  of 
high-voltage  pulse  thyratrons  it  is  necessary  to  consider  stray 
inductance  and  consequently,  it  is  impossible  to  observe  the 
actual  value  of  ionization  time.  This  is  explained  by  the  fact  that 
during  the  ionization  of  thyratron  as  a  result  of  the  rapid 
build-up/growth  of  current  grows/rises  the  voltage/stress  on  the 
inductance  of  introductions/inputs  and,  therefore,  decreases 
voltage/stress  on  the  thyratron,  which  affects  the  rate  of  the  process 
of  the  ionization  of  gas  in  it. 

However,  experimental  investigations  of  high-voltage  thyratrons, 
given  in  Table  3.1,  showed  that  effect  of  this  factor  on  period  of 
commutation  of  thyratrons  is  considerably  less  than  integrating  action 
of  circuit  LuR,u  by  formed  inductance  of  introductions/ inputs  and  with 
load  resistance/resistor.  Therefore  in  the  first  approximation,  i.e., 
without  taking  into  account  the  dependence  of  the  ionization  time  of 
thyratron  on  the  stray  inductance,  the  time  of  the  establishment  of 
process  (measured  at  level  0.1  and  0.9  from  the  steady-state  value) 
during  plotting  of  the  curve/characteristic  of  the  ionization  of 
thyratron  can  be  rated/estimated  by  the  expression 


(3.36  > 
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Page  172. 

Knowing  characteristic  of  ionization  of  thyratron,  it  is  possible 
to  determine  possible  duration  of  pulse  edge,  formed/shaped  in  diagram 
with  thyratron  as  commutating  element.  Using  diagram  of  formation 
with  discharge  line  examined  above  (Fig.  3.9)  and  by  thyratron 
commutator,  it  is  possible  to  obtain  on  cathode  load  R«  the  pulse, 
whose  frontal  part  according  to  the  form  corresponds  to  the 
characteristic  of  the  ionization  of  the  thyratron  used  in  the  diagram, 
and  the  shear/section  of  pulse  repeats  correspondingly  the  form  of 
front  (Fig.  3.25),  if  we  do  not  consider  an  insignificant  change  of 
shearing/sectioning  the  pulse  in  its  foundation  due  to  the  current  of 
the  deionization  of  thyratron. 

With  impulse  shaping  of  nanosecond  duration  stringent 
requirements  on  stability  of  moment/torque  of  onset  of  pulses  are 
imposed.  In  the  generators,  which  use  a  thyratron  as  commutator,  this 
stability  is  determined  by  the  stability  of  functioning  thyratron. 

Investigations  of  stability  of  ignition  of  thyratron  [51,  52] 
showed  that  periodic  instability  of  ignition  of  thyratron  or 
"chattering"  of  starting/launching  of  oscillator  circuit  changes 
within  large  limits,  but  in  best  cases  it  can  be  lowered  to  tenths  of 
nanosecond. 

Should  be  distinguished  two  forms  of  factors,  which  affect 
moment/torque  of  opening  of  thyratron,  and  also  to  stability  of 
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starting/launching  of  diagram  -  external  and  internal. 

Internal  factors  depend  on  construction/design  of  thyratron,  i.e. 

on  character  of  gas  filling  and  construction/design  and 

arrangement/position  of  electrodes.  For  many  low-power  thyratrons  the 

absolute  value  of  the  temporary/time  instability  of  that  caused  by 

* 

internal  factors,  has  very  low  value  in  comparison  with  the  ionization 
time  and  therefore  high  value  they  acquire  environmental  factors. 

Environmental  factors  include  stability  of  supplies  of  power, 
value  of  parameters  of  trigger  pulse  and  their  constancy  in  time.  The 
sources  of  the  grid-bias  voltage,  anode  voltage  and  filament  voltage 
of  thyratron  must  be  stable. 
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Fig.  3.25.  Shape  of  pulse,  obtained  in  thyratron  diagram. 

Page  173. 

Special  attention  must  be  focused  on  high  quality  of  voltage 
regulation  of  bias/displacement.  The  selection  of  the  value  of  this 
voltage/stress  also  plays  the  significant  role.  Bias  voltage  must 
provide  the  reliable  closing  of  thyratron,  but  not  be  too  great,  since 
the  large  amplitude  of  trigger  pulses  will  be  required  and  the  delay 
time  of  the  starting/launching  of  thyratron  can  prove  to  be  large. 

Starting/launching  of  thyratron  proves  to  be  more  stable,  if  it 
occurs  at  that  moment/torque,  when  frontal  part  of  trigger  pulse 
operates  on  grid  of  thyratron.  In  this  case  the  stability  of 
starting/launching  is  above  with  the  large  steepness  of  the  front  of 
trigger  pulse.  As  show  investigations  [51,  52],  in  the  case  of 
applying  the  finger  pulse  thyratron  TGI1-3/1  the  trigger  pulse  must 
have  an  amplitude  of  approximately  200  V,  a  duration  of  2-3  ns  for  the 
duration  of  front  not  more  than  0.1  ns.  With  such  parameters  of 
stable  trigger  pulse  and  power  supplies  stabilized  to  a  sufficient 
degree  the  instability  of  the  starting/launching  of  this  thyratron 
does  not  exceed  the  tenths  of  nanosecond,  i.e.,  it  proves  to  be  order 
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For  stable  starting/launching  of  high-voltage  pulse  hydrogen 
thyratron  amplitude  of  trigger  pulses  must  be  300-400  V,  and  steepness 
of  their  front  -  about  4  kV/*ts. 

With  ignition  of  thyratrons  besides  phenomenon  of  instability  of 
starting/launching  it  is  necessary  to  consider  time  lag  of 
starting/launching,  caused  by  time  lag  of  firing  point  of  thyratron 
relative  to  moment  of  supplying  trigger  pulse.  This  time  lag,  which 
depends  on  the  character  of  the  gas  filling  of  thyratron  and  mode  of 
operation  of  diagram  (value  of  anode  voltage,  amplitude  and  the 
steepness  of  the  front  of  trigger  pulse,  grid-bias  voltage,  etc.),  has 
a  value  of  the  order  of  the  tenths  of  microsecond  and  can  be  or  more 
depending  on  mode  and  parameters  of  grid  circuit. 

Delay  factor  of  starting/launching  of  diagrams  with  thyratrons, 
which  has  important  value  in  series/row  of  schematics  of  nanosecond 
pulse  technique,  can  smoothly  be  regulated.  The  adjustment  of  the 
delay  of  starting/launching  is  realized  by  changing  the  value  of  bias 
voltage  on  the  grid  of  thyratron. 

Page  174. 

However,  this  adjustment  is  possible  only  in  the  permissible  limits, 
when  the  stable  starting/launching  of  hyratron  still  is  provided. 
Virtually  this  adjustment  proves  to  be  possible  in  the  limits  from 


DOC  *=  88076710  PAGE  ^ 

50-80  to  600  ns  for  the  finger  thyratron  and  in  the  limits  of  150-500 
ns  for  the  high-voltage  thyratrons.  The  delay  time  of 
starting/launching  decreases  with  an  increase  in  the  steepness  of  the 
front  of  trigger  pulse  (with  the  fixed/recorded  grid-bias  voltage). 

Comparatively  low  permissible  frequency  of  commutation  is  one  of 
deficiencies  in  thyratron  as  commutator.  As  noted,  this  frequency 
depends  on  the  duration  of  the  process  of  the  deionization  of 
thyratron,  which  determines  recovery  time  of  the  controllability  of 
thyratron.  Recovery  time  of  the  controllability  of  thyratron  is  the 
less,  is  the  greater  the  negative  grid-bias  voltage,  the  less  the  grid 
leak  and  the  less  the  duration  of  the  formed/shaped  pulse. 

Furthermore,  recovery  time  of  thyratron  depends  also  on  the  internal 
factors,  determined  by  type  and  gas  pressure  and  by 
construction/design  of  electrodes. 

In  pulse  hydrogen  thyratron  TGI1-35/3,  TGI1-50/5,  TGI1-130/10 
recovery  time  of  controllability  is  3-5  times  less  than  in  finger 
thyratron  TGI1-3/1,  and  this  makes  it  possible  with  high-voltage 
hydrogen  thyratron  to  obtain  frequency  of  commutation  to  30-40  kHz, 
and  with  finger  thyratron  to  10  kHz. 

Operating  frequency  of  thyratron  TGI1-3/1  can  be  increased  by 
effect  on  it  of  magnetic  field  [53].  Placing  the  thyratron  into  the 
permanent  magnetic  field  of  the  necessary  value,  oriented 
correspondingly  relative  to  the  electrodes  of  thyratron,  it  is 
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possible  to  decrease  the  deionization  time  of  thyratron  by  the  effect 
of  this  field  to  the  processes  in  the  plasma,  which  will  lead  to  an 
increase  in  the  operating  frequency. 

3.5.  PULSE-SHAPING  CIRCUITS  WITH  THE  THYRATRONS. 

Simplest  pulse-shaping  circuits. 

For  impulse  shaping  of  nanosecond  duration  are  used  diagrams  with 
thyratron  commutators,  in  which  as  accumulator/storage  of  energy  are 
utilized  sections/segments  of  coaxial  cables  or  capacity/capacitance. 

Page  175. 

The  application  of  a  capacity/capacitance  instead  of  the  cable  is 
expedient  when  the  duration  of  the  formed/shaped  pulse  is  commensurate 
with  the  ionization  time  of  thyratron.  TXf  it  is  necessary  to  form  the 
pulse,  whose  duration  is  commensurate  with  the  ionization  time  of 
thyratron,  and  it  is  not  presented  to  its  form  of  stringent 
requirements,  then  the  diagram,  which  completely  coincides  with  the 
diagram  Fig’  3-22  can  be  used.  In  this  case  capacitance  value  of 

capacitor/condenser  C  is  selected  from  condition  of  its  complete 
discharge  approximately  for  ionization  time.  During  the  capacitor 
discharge  on  the  cathode  load  the  voltage  pulse,  in  the  form  which 
differs  from  the  rectangular  is  formed  (Fig.  3.26).  With  the  decrease 
of  vilue  C  the  pulse  duration  is  shortened,  but  in  this  case  it 
decreases  and  to  amplitude.  In  this  case  the  pulse  duration  can  be 
less  than  the  ionization  time.  Knowing  the  characteristic  of  the 
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ionization  of  thyratron,  it  is  possible  to  find  the  parameters  of 
pulse.  In  the  interval  of  time  OStSt,  (where  tx  -  first  interval  of 
ionization  time)  the  set  of  characteristics  of  ionization  it  is 
possible  to  approximate  by  the  linearly  increasing  function 

u„  —  {E  —  UJkt,  (3.37) 

where  k  -  coefficient,  which  characterizes  the  rate  of  the  increase  of 
process; 

U,  -  averaged  value  of  voltage/stress  +  U'  (for  the  differ  t 
values  of  voltage/stress  E),  and  values  and  U'  are  shown  in  fig. 

3.24. 


Values  k  and  U0  are  determined  from  solution  of  system  of 
equations 

u'»-=u-'-u0)kr, 

U"n- 

Values  u'„,  IJ"„,  t\  t",  F.'  and  E"  can  be  found  from  characteristics  of 
ionization  graphically  of  [54]. 
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Fig.  3.26.  Pulse,  formed/shaped  in  thyratron  diagram  with  small 
storage  capacity/capacitance. 
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Page  176. 

From  equivalent  diagram  in  Fig.  3.27,  appropriate  thyratron 
diagram,  it  follows  that  voltage/stress  on  load  R„  can  be  recorded 
thus: 

ua(t)  -~W(t)-U,\kt,  (3.38) 

Voltage  across  capacitor  u(t)  can  be  determined  through 
capacity/ capacitance  of  C  and  resistor/resistance  of  thyratron  Rxu\,  . 
which,  however,  depends  on  voltage/stress.  Therefore  equation  proves 
to  be  nonlinear  and  its  numerical  solution  can  be  obtained,  after 
assigning  the  approximation  of  the  characteristic  of  ionization.  The 
parameters  of  the  formed/shaped  pulses  are  determined  usually 
experimentally. 

If  we  in  diagram  in  question  use  finger  thyratron  TGI1-3/1  and  to 
fulfill  mounting,  without  introducing  essential  parasitic  parameters 
(value  of  which  does  not  exceed  values,  given  in  Table  3.1),  then  it 
is  possible  to  form  pulses  by  duration  (at  level  0.5  of  amplitude)  of 
2.5-3  ns  with  amplitude  30-50  V. 

Squaring  circuit,  where  as  accumulator/storage  of  energy  serves 
segment  of  cable  (Fig.  3.28),  i.e.,  diagram  of  type  fig,  is  propagated 
version  of  diagram  with  thyratron.  3.9.  Generator,  assembled 
according  to  diagram  in  Fig.  3.28a,  is  fulfilled  in  the  form  of 
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coaxial  line,  which  provides  agreement  of  forming  cable  with  load  and 
it  makes  it  possible  to  reduce  to  minimum  parasitic  circuit 
parameters.  In  the  places  of  the  disruption  of  the  center  conductor 
inside  of  it  is  placed  the  thyratron,  moreover  for  the  realization  of 
agreement  R,<+Rx o=p  in  the  connection  point  of  thyratron  line  is 
fulfilled  so  as  to  ensure  the  jump  of  wave  impedance  to  value  RT»  due 
to  the  different  diameter  of  center  conductor.  Here  /?,  - 
resistance/resistor  of  cathode  load;  RxU  -  the  steady-state  value  of 
the  resistor/resistance  of  thyratron;  p  -  wave  impedance  of  the 
forming  line.  For  obtaining  the  pulse  of  negative  polarity  is 
utilized  the  diagram  in  Fig.  3.28b. 
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Pig.  3.27.  Equivalent  diagram,  which  corresponds  to  thyratron 
diagram. 

Page  177. 

For  interval  of  time  0StS2tlf  where  t,  -  delay  time  of  forming 
line,  equivalent  oscillator  circuit  without  taking  into  account 
parasitic  parameters  (which  is  easy  to  ensure  with  finger  thyratron) 
is  represented  in  Fig.  3.28c.  This  diagram  when  /?„=/?,.  +  ?,  proves  to  be 
the  completely  identical  equivalent  to  diagram  installation,  with  the 
aid  of  which  is  plotted  the  characteristic  of  ionization  (Fig.  3.22). 
Therefore  it  is  possible  to  assert  that  for  time  0£t£2t3  pulse, 
created  on  the  load,  repeats  the  characteristic  of  ionization  for  this 
value  of  supply  voltage  E,  but  on  other  scale: 


U  H 


Without  taking  into  account  small  effect  of  current  of 
deionization,  noticeable  after  discharge  of  line,  shear/section  of 
pulse  must  be  on  form  the  same  as  front  (Fig.  3.25). 
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Duration  of  formed/shaped  pulse  in  its  foundation  exceeds  doubled 


delay  time  of  line  2t,  to  ionization  time  of  thyratron.  The  shape  of 
pulse  is  close  to  the  rectangular,  if  the  doubled  delay  time  of  line 
noticeably  exceeds  ionization  time. 
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Fig.  3.28.  Thyratron  pulse-shaping  circuits:  a)  diagram  of  formation 
of  positive  pulse;  b)  diagram  of  formation  of  negative  pulse;  c) 
equivalent  diagram. 

Page  178. 

Pulse  apex,  however,  has  in  the  beginning  smoothly  increasing  section, 
caused  by  the  presence  of  the  interval  of  the  slowly  increasing 
voltage/stress  of  the  characteristic  of  ionization.  The  effect  of 
this  section  is  especially  noticeable  with  low  supply  voltages. 

Depending  on  length  of  line  in  diagram,  which  works  on  thyratron 
TGI1-3/1,  are  formed/shaped  pulses  with  amplitude  of  up  to  500  V  and 
duration  of  from  15  ns  and  more  for  duration  of  front  of  approximately 
6  ns. 


If  length  of  segment  of  forming  cable  is  such,  that  doubled  time 
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of  its  delay  of  the  same  order  as  as  ionization  time,  then  obtained 
pulse  noticeably  differs  in  form  from  rectangular,  approaching  pulse, 
obtained  during  capacitor  discharge  in  diagram  in  Fig.  3.22,  whose 
oscillogram  is  given  in  Fig.  3.26. 

In  diagrams  described  parasitic  parameters  here  were  not 
considered.  However,  with  the  formation  of  the  powerful  pulses  of 
nanosecond  duration  in  the  diagrams  with  the  high-voltage  thyratrons, 
which  have  relatively  larger  overall  dimensions,  the  presence  of  the 
parasitic  parameters  is  possible.  In  the  preceding/previous  paragraph 
it  is  indicated,  that  in  such  thyratrons  it  is  necessary  first  of  all 
to  consider  the  inductance  of  introductions/ inputs. 

Diagram  with  forming  cable  and  load  in  cathode  of  thyratron  (Fig. 
3.28a)  can  be  replaced  with  equivalent  diagram,  where  inductance  of 
introductions/inputs  and  stray  inductance  of  mounting  are  taken  into 
consideration  (Fig.  3.29).  The  resulting  duration  of  the  edge  of  the 
formed/shaped  pulse,  thus,  is  determined  by  the  ionization  time  of 
thyratron  and  by  the  parasitic  parameters  of  circuit. 

Duration  of  front  can  be  approximately  rated/estimated  on  the 
basis  (3.36)  by  expression 

/*  =  VrC  +  (2.2Z ~„/R)\ 

R  —  Ru  -f- 0  +  ?• 


where 


3 
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Fig.  3.29.  Equivalent  diagram,  which  corresponds  to  thyratron  diagram 
taking  into  account  stray  inductances. 

Page  179. 

Account  only  of  inductance  of  introductions/inputs  of  thyratron 
introduces  insignificant  correction  in  duration  of  edge  of  pulse 
(5-10%).  During  the  insufficiently  good  mounting  of  the  real  diagram, 
when  total  stray  inductance  reaches  0.5  *tH  and  more,  this  correction 
becomes  essential. 

During  use  in  diagram  of  high-voltage  pulse  thyratrons,  indicated 
in^Fable  3.1,  it  is  possible  to  form  pulses,  duration  of  front  of 
which  11-14  ns. 

Diagrams,  noncritical  k  to  the  value  of  load. 

Pulse-shaping  circuits  with  discharge  line  (of  type  of  that  given 
in  Fig.  3.9)  work  under  matching  condition  of  line  characteristic  with 
load  resistance/resistor.  Since  the  sections/segments  of  coaxial 
cables,  which  have  small  set  of  the  ratings  of  wave  impedance  (50,  75, 
100  150  ohms),  usually  are  utilized  as  the  forming  line,  then  the 
value  of  the  load  resistance/resistors  is  limited.  Therefore  far  from 
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always  it  is  possible  to  coordinate  load  with  the  cable,  furthermore 
diagram  cannot  successfully  work  on  the  nonlinear  load. 

Advantage  considerable  in  this  respect  possesses  pulse-shaping 
circuit  of  nanosecond  duration,  in  which  is  utilized  discharge  line, 
loaded  from  one  end/lead  and  locked  to  matched  impedance  from  another. 
The  principle  of  the  operation  of  this  diagram  (Fig.  3.13)  is 
described  into  S  3.2. 

Diagrams  of  such  type  with  thyratrons  as  commutating  elements  are 
given  in  Fig.  3.30  [44].  In  the  diagram  with  two  thyratrons  (Fig. 
3.30a)  is  possible  continuously  variable  control  of  the  pulse  duration 
by  changing  the  delay  time  of  the  starting/launching  of  one  thyratron 
relative  to  the  moment/torque  of  the  starting/launching  of  another 

For  obtaining  the  pulse  duration,  equal  to  the  doubled  delay 
of  cable,  it  is  necessary  that  the  forming  thyratron  L,  would 
operate/actuate  earlier  than  matching  L,  to  the  period,  equal  to  the 
delay  of  cable  (t,«=t,,/). 


i 


2/,. 


Page  180. 

If  thyratrons  operate/actuate  simultaneously,  i.e.,  /,,=o,  Then 
pulse  duration  will  be  equal  to  delay  of  cable  Xf  the  matching 

thyratron  operates/actuates  earlier  than  forming  to  the  period,  equal 
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to  the  delay  of  cable,  then  it  will  not  be  on  the  load  of  pulse,  since 
the  wave  of  voltage/stress  from  the  end/lead  of  the  cable  reflected, 
to  which  is  connected  the  forming  thyratron  (Fig.  3.14),  will  have 
time  to  go  away. 

Thus,  it  is  possible  to  say  that  pulse  duration  is  linear 
function  of  delay  factor  of  starting/launching  of  one  thyratron 
relative  to  another 


Minimum  pulse  duration  without  reduction  of  its  amplitude  is 
determined  by  expression 

^11  MUH  *“  fill  r  *C< 


where  4  and  U  -  duration  of  front  and  shear/section  of  pulse, 
determined,  in  essence,  by  ionization  time  of  thyratron.  In  this  case 
the  pulse  has  a  form,  close  to  the  triangular. 


If  they  take  place  of  inequality  /,,>/,  and  then  duration  of 

formed/shaped  pulse  will  be  more  than  time  of  dual  delay  of  forming 
cable  as  a  result  of  possibility  of  multiple  reflection  of  waves  of 
voltage/stress  from  ends/leads  of  cable  (one  of  which  proves  to  be 
extended).  The  shape  of  pulse  is  shown  in  Fig.  3.31. 
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Fig.  3.30.  Thyratron  diagrams,  noncritical  to  value  of  load:  a  ) 
with  two  thyratrons;  b)  with  one  thyratron. 

Page  181. 

The  form  of  pulse  apex  proves  to  be  stepped.  The  duration  of  each 
step  (except  the  latter)  -  constant  value  is  equal  to  the  doubled 
delay  of  cable  2t,.  The  duration  of  latter/last  step  can  be  less  than 
2tjr  since  it  changes  with  change  tv 

During  external  starting/launching  of  generators  delay  time  of 
their  starting/launching  is  of  interest.  In  this  diagram  it  proves  to 
be  possible  to  realize  an  adjustment  of  the  delay  of 
starting/launching  for  the  constant/invariable  duration  of  the 
formed/shaped  pulse.  The  delay  of  starting/launching  is  determined  by 
triggering  time  of  the  thyratron  of  formation  and  does  not  depend 
on  triggering  time  of  the  second  thyratron. 

Pulse  duration  depends  on  triggering  time  of  both  thyratrons, 
since  Consequently,  to  smoothly  change  pulse  delay  without  a 
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change  in  its  duration  is  possible  when  time  difference  of  functioning 
remains  constant  value,  i.e.,  with  change  tx  on  ±At,  t*  must  change 
to  the  same  value  ±At.  This  is  possible,  if  within  the  limits  of  the 
necessary  delay  of  the  forming  line  t,  the  front  of  trigger  pulse  will 
be  linear.  Then  a  change  in  the  delay  of  the  formed/shaped  pulse  can 
be  obtained  with  the  aid  of  a  change  in  the  bias  voltage  on  grids  of 
both  thyratrons  simultaneously. 

Actually,  if  front  of  trigger  pulse  is  linear  and  has 
slope/transconductance  s„.  then  moment/torque  of  triggering/opening  of 
first  thyratron  tt  corresponds  to  voltage/stress  of  trigger  pulse 
i.e. 

,  _  Uni_ 

1  ■'  s„  • 

Respectively  moment/torque  of  starting/launching  of  second 


thyratron 
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Fig.  3.31.  Shape  of  pulse  of  considerable  duration. 
Page  182. 


Since  in  limits  of  linear  sector  of  the  front  of  trigger  pulse 
S„  =  const,  then  range  of  adjustment  of  moment/torque  of 
starting/launching  of  thyratrons  is  equal  to 


For  obtaining  pulse  by  duration,  equal  to  /„  =  O-r-2/,,  it  is 
necessary  to  have  linear  sector  of  the  front  with  duration  4b>2<„.  Jn 
this  case  range  of  adjustment  of  the  delay  of  the  formed/shaped  pulse 
will  be  equal  to 


Designating  * 


i  —  tAn 

<11  —  -  c - 


Unl  U  m  j 


-2/,. 

^  u  —  2/a, 


we  obtain 
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This  is  correct,  if  duration  of  formed/shaped  pulse 

With 

adjustment  of  delay  of  formed/shaped  pulse  without  change  in  its 
duration  is  impossible.  In  this  case  it  is  necessary  to  increase  the 
duration  of  the  front  of  trigger  pulse  and  its  amplitude. 

It  is  necessary  to  consider  that 

U m  U n  mbii  £csi  muiii 

where  U„  MI,U  -  minimum  starting  voltage  with  steepness  of  front  of 
trigger  pulse  s«; 

£cmmUI1-  smallest  allowable  voltage  of  bias/displacement  on  grid 
of  thyratron. 

For  obtaining  pulse  by  duration,  equal  to  i„=2t3n ,  it  is 
necessary  to  have  linear  sector  of  the  front  of  trigger  pulse  with 
duration 

')• 

Page  183. 

General  formula  for  determining  range  of  adjustment  of  delay  of 
formed/shaped  pulse  will  be 


<4,9? 
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t\i  '  — (/„+  1. 1). 

Exception/elimination  is  case,  when  both  thyratrons  operate/wear 
simultaneously,  i.e.,  /„=o  and  /h For  this  case  the  requirement  for 
the  linearity  of  the  front  of  trigger  pulse  becomes  meaningless  and 
range  of  adjustment  of  the  delay 

?U  "T‘  f‘l»  —  ‘ 

where  4t  -  rise  time  of  trigger  pulse  to  the  firing  point  of  the 
thyratron  of'  formation  (Lx). 

Range  of  adjustment  of  grid-bias  voltage  will  be 

^C.M|  l?u  Mini  £/|||, 

^CMj  -  Uu  Mlm  U 

Adjustment  of  delay  of  formed/shaped  pulse  can  be  realized  by 
adjustment  of  conjugated/combined  potentiometers,  circuitals  of 
bias/displacement  of  thyratrons. 


In  the  case  of  impulse  shaping  with  duration  up  to  2ta,  its 
amplitude  is  equal  to 


U  =  E 


R« 

Rn  +  Ri  p 


With  formation  of  long  pulse,  when  <„> 2/.,  and  at  pulse  apex 
appears  n  of  steps,  amplitude  of  shear/section  of  pulse  is  equal  to 
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where 


in  — 


Rn  +  R  T-P 
R«  +  Rt  +  p ' 


With  high  resistance/resistors  of  load  Ru  (/?„>  p)  difference  in 
amplitudes  of  adjacent  steps  is  very  small  and  actually  is  observed 
smooth  decay  in  apex/vertex,  which  is  determined  by  relationship/ratio 

?  —  l  —  m”-*. 

4  “  ut  u 


Page  184. 

Value  £  characterizes  form  of  pulse  apex,  it  is  possible  to  use 
it  during  calculations,  determining  number  of  steps,  maximum  pulse 
duration  and  value 

Thus,  this  diagram  (Fig.  3.30a)  makes  it  possible  to  form/shape 
square  pulses  with  duration  up  to  tlt^='2l3  with  value  of  load,  which  is 
changed  within  large  limits  (from  R„  =  ?  to  hundred  of  kilohms),  and 
with  constant  quantity  of  matched  impedance  Ro¬ 
lf  load  large,  R„  >  100  kilohms,  and  time  difference  of 
starting/launching  of  thyratrons  exceeds  2t,,  then  it  is  possible  to 
form/shape  pulses  with  duration  to  1-2  ns.  This  gives  the  large 
universality  to  diagram,  which  can  be  utilized  both  in  the  nanosecond 
range  and  for  the  impulse  shaping  of  the  beginning  of  microsecond 
range.  However,  its  main  advantage  is  noncriticality  to  the  value  of 


V 
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resistive  load  and,  therefore,  the  possibility  of  its  application  in 
the  devices/equipment  with  the  nonlinear  and  changing  in  the  time 
load. 


Diagram  in  Fig.  3.30b,  assembled  on  one  thyratron,  possesses  the 
same  properties,  but  it  does  not  permit  implement ion  of  continuously 
variable  control  of  pulse  duration,  which  is  equal  to  delay  time  of 
cable. 

Fig.  3.32  gives  oscillator  circuit  of  pulses  of  nanosecond 
duration,  assembled  according  to  diagram  in  Fig.  3.30a,  with 
cascades/stages  of  starting/launching.  The  trigger  circuit  of 
generator  consists  of  the  assigning  blocking  oscillator  (L1(2), 
amplifier  (L2)  and  cathode  followers  (LM  and  L^*).  Blocking 
oscillator  works  both  in  the  mode  of  auto-oscillations  and  in  the  mode 
of  synchronization  by  the  external  trigger  pulses,  which  enter  through 
the  phase  inverter  in  the  amplifier  of  starting/launching  (half  of 
tube  L  U1 ) . 

Pulse  forming  unit  consists  of  cascade/stage  of  formation  (L,) 
and  cascade/stage  of  agreement  (L4),  assembled  on  finger  thyratrons 
TGI1-3/1.  The  first  them  them  is  intended  for  the  impulse  shaping  on 
the  load,  connected  to  the  discharge  circuit  of  thyratron,  the  second 
-  for  obtaining  shearing/sectioning  of  pulse  and  change  in  its 
duration. 


y 


3>a3 
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Pulse,  generated  by  blocking  oscillator,  has  duration  of  3  ms 
vith  amplitude  of  150  V. 
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Page  185. 


Fig.  3.32.  Simplified  circuit  of  thyratron  generator,  noncritical  to 
value  of  load. 

Key:  (1).  kV.  (2).  Starting/launching.  (3).  in.  (4).  Pulse 

duration.  (5).  Extension  cap.  (6).  output.  (7).  output  of 

synchronizing  pulse.  (8).  Pulse  delay. 


Page  186. 


It  is  removed/taken  from  the  third  winding  of  the  transformer  of 
blocking  oscillator  and  enters  the  input  of  amplifier.  The  pulse  with 
an  amplitude  of  300  V  is  removed/taken  from  the  output  of  amplifier 
and  it  is  supplied  simultaneously  to  the  grids  of  the  cathode 
followers,  assembled  on  two  halves  of  tube  6N6P  (L,a  and  L,. )  and  to 
the  cathode  follower  (L,).  The  first  two  cathode  followers  serve  for 
the  starting/launching  of  the  thyratrons  of  shaping  unit,  and  the 
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latter  (L«)  is  the  output  stage  of  pulse  for  the  synchronization  of 
the  external  diagrams,  when  blocking  oscillator  works  in  the  auto- 
oscillating  mode. 

For  obtaining  pulses  of  different  duration  on  cascade/stage  of 
agreement  pulse  with  delay  /P  relative  to  admission  on  cascade/stage 
of  formation  comes.  Delay  factor  is  regulated  by  changing  the  load  of 
cathode  follower  (L,,! ) .  Ranges  of  adjustment  of  delay  from  15  to  100 
ns.  Maximum  pulse  repetition  rate  10  kHz.  With  the  formation  of 
square  pulses  with  the  strictly  flat/plane  apex/vertex  the  load  of  the 
thyratron  of  the  forming  cascade/stage,  i.e.,  termination  of  generator 
can  vary  within  the  range  of  75  ohms  to  100  kilohms.  With  the  very 
large  load  (from  100  kilohms  to  1  MO)  it  is  possible  to  form/shape 
long  pulses  with  a  small  decay  in  the  apex/vertex. 

With  impulse  shaping  in  the  range  15-100  ns,  pulse  amplitude 
grows/rises  with  increase  in  load  from  450  V  when  /?„  =  75  ohm  to  900  V 
with  /?h=750  kilohms.  Smooth  of  a  change  in  the  pulse  amplitude 
relative  to  its  maximum  value  can  be  obtained  by  a  change  in  the  value 
of  the  anode  voltage  of  the  feed  of  thyratron. 

As  forming  line  is  used  segment  of  cable  RK-100-7-13  with  length 
of  10  m.  With  the  impulse  shaping  of  positive  polarity,  the  load  is 
switched  on  in  the  cathode  circuit  of  thyratron  L,,  and  in  the  case  of 
negative  polarity  -  between  the  external  braid/cover  of  cable  and  the 
earth/ground.  In  the  second  case  the  pulse  current  of  the  discharge 

V 

■/ 
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can  pass  not  through  the  load,  but  on  the  bra id/ cover  from  the 
opposite  end/lead  of  the  cable.  To  avoid  this  cable  it  is  coagulated 
into  the  bay,  and  then  its  braid/cover  forms  the  inductance  coil, 
which  presents  high  resistor/resistance  for  the  current  pulse. 

Switched  on  thyratron  (L,)  semiconductor  diodes  in  parallel  serve 
for  correction  of  shear/section  of  output  pulse  with  high  load 
resistance/res istors . 

Page  187. 

Diodes  make  it  possible  to  rapidly  carry  out  a  discharge  of  stray 
capacitance  in  the  cathode  circuit  of  thyratron,  which  noticeably  is 
charged  with  the  large  load  (shunting  this  capacity/ capacitance)  for 
the  pulse  action  time. 

For  convenience  in  supply  of  output  pulse  into  any  diagram  being 
investigated  forming  thyratron  L,  is  installed  into  extension  cap. 
Extension  cap  is  connected  with  basic  part  of  the  generator  by  the 
hose,  which  supplies  the  forming  cable,  wire  of  the  grid  of  thyratron 
and  wire  of  incandescence/filament. 

Described  generator,  which  is  characterized  by  noncriticality  to 
value  of  load,  is  used  as  signal  generator.  With  the  aid  of  similar 
generator  it  is  possible  to  produce  testing  the  impulse  circuits, 
whose  input  resistances  have  values  from  tens  of  ohms  to  hundreds  of 
kilohms. 
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Version  of  diagram  without  continuously  variable  control  of 
duration  of  output  pulses  (with  one  thyratron)  finds  use  as  modulator 
of  shf/SVCh  generators,  which  are  time-varying  load  (in  process  of 
modulation,  for  example,  of  magnetrons  and  other  shf/SVCh 
instruments).  This  diagram  is  utilized  just  as  the  generator  of  an 
initial  drop/jump  in  the  voltage/stress  or  current  (especially  if 
diagram  on  the  powerful/thick  thyratrons),  necessary  for  the  impulse 
shaping  in  the  nonlinear  lines  (Chapter  4),  where  it  is  difficult  to 
coordinate  the  input  resistance  of  nonlinear  line  with  the 
resistor/resistance  of  generator. 

Pulse-shaping  circuits  of  high  voltage. 

If  it  is  necessary  to  form  nanosecond  pulses  of  high  voltage, 
then  it  is  necessary  to  utilize  high-voltage  thyratrons.  However,  how 
for  more  high  voltage  is  designed  thyratron,  than  more  the  time  of  its 
ionization.  Therefore  in  the  presence  of  the  thyratrons,  which  have 
good  commutation  properties,  but  designed  for  the  work  with 
insufficiently  high  voltage,  can  be  used  the  diagrams,  in  which  the 
commutating  element  are  two  series-connected  thyratrons  (Fig.  3.33) 
[31. 

Page  188. 


The  series  connection  of  thyratrons  makes  it  possible  to  utilize  power 
supplies  with  the  voltage/stress,  two  times  which  exceeds  working  the 
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anode  voltage  of  one  thyratron. 

In  this  diagram  trigger  pulse  is  supplied  through  transformer  to 
grids  of  thyratrons.  It  is  possible  to  obtain  three  operating  modes 
by  the  adjustment  of  bias  voltage  in  the  circuit  of  the  grid  of 
thyratrons:  first  operates/wears  the  first  thyratron,  both  thyratrons 
operate/wear  it  simultaneously  and  anticipates/leads  the  second 
thyratron.  During  the  starting/launching  of  the  first  thyratron  Lx  at 
the  output  of  diagram  together  with  the  main  impulse  can  be  observed 
the  supplementary  pulse,  which  anticipates/leads  basis.  The  onset  of 
supplementary  pulse  is  connected  with  the  discharge  of  stray 
capacitances  in  the  circuit  of  the  anode  of  thyratron  Li. 
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Fig.  3.33.  Pulse-shaping  circuit  of  high  voltage  with  two  thyratrons. 
Key:  (1).  kV.  (2).  output  of  synchronizing  pulse.  (3).  output  of 

main  impulses. 

Page  189. 

The  mode  of  the  coincidence  of  the  ignition  of  thyratrons  makes  it 
possible  to  obtain  the  pulse  of  the  same  form,  as  in  the  case  of 
diagram  with  one  thyratron,  but  with  the  doubled  amplitude.  True,  in 
this  case  it  is  necessary  to  ensure  the  rigid  synchronization  of 
ignition  of  both  thyratrons,  what  is  sufficiently  difficult  problem 
and  requires  the  high  stability  of  the  supplies  of  power  and  large 
steepness  of  the  front  of  trigger  pulse  with  a  sufficient  stability  of 
its  parameters.  The  mode  of  operation  of  the  diagram,  when  first 
ignites  thyratron  La,  makes  it  possible  to  obtain  the  edge  of  the 
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pulse  of  noticeably  smaller  duration,  than  in  the  diagram  with  one 
thyratron.  This  occurs  because  the  ionization  of  thyratron  Lt  occurs 
with  the  increased  voltage/stress  not  its  anode,  since  upper  half  of 
the  voltage  divider  proves  to  be  that  shunted  by  thyratron  La,  which 
conduct  current. 

Structurally  generators  are  fulfilled  in  the  form  of  coaxial 
system,  which  is  special  container  with  thyratrons  and  built  in 
coaxial  cables  (Fig.  3.33). 

Frequently  together  with  main  impulse  it  is  necessary  to  have 
another  pulse,  displaced  in  time  relative  to  the  first,  at  separate 
output.  In  such  cases  at  the  output  of  generator  the  splitters  of 
pulses,  which  represent  the  dividers  with  several  outputs  (Fig.  3.33), 
matched  with  the  forming  line  are  used,  (or  displacing  the  pulses  in 
the  time  at  the  output  the  segments  of  the  cables  of  different  length 
are  used. 

However,  other  recently  appearing  methods  of  impulse  shaping  of 
high  voltage  with  very  short  duration  of  front,  make  it  possible  to 
use  one  high-voltage  thyratron  and  nonlinear  forming  distributed 
circuits  (see  Chapter  4). 

3.6.  CORRECTION  OF  THE  SHAPE  OF  PULSE. 


Characteristic  deficiency  in  shape  of  pulse,  obtained  in  diagram 


3 II 

DOC  -  88076711  PAGE 

with  discharge  line  and  thyratron,  is  smoothly  increasing  section  in 
the  beginning  of  pulse  apex  (Fig.  3.25),  caused  by 
retarding/deceleration  of  change  in  conductivity  of  thyratron  up  to 
moment/torque  of  total  ionization  of  gas,  and  also  slow  decay  in 
apex/vertex  at  the  end  of  pulse. 

Page  190. 

The  presence  of  such  sections  more  noticeably  expressed  in  the  pulses, 
formed/shaped  in  the  diagrams  with  the  high-voltage  thyratrons.  So 
that  the  shape  of  pulse  would  be  more  rectangular,  it  is  possible  to 
use  the  methods  of  correction. 

Correction  of  apex/vertex  at  its  beginning,  and  also  partial 
decrease  of  duration  of  pulse  edge  it  is  possible  to  achieve  by 
inclusion  of  supplementary  anodic  capacity/capacitance  Ca  in  parallel 
to  forming  line  (Fig.  3.34a).  The  current  through  the  thyratron  with 
shaping  of  the  initial  section  of  pulse  apex  grows/rises  due  to  the 
discharge  of  this  capacity/capacitance.  As  a  result  to  a  considerable 
degree  the  form  of  flat/plane  pulse  apex  is  improved  and  the  steepness 
of  front  in  the  upper  part  of  the  pulse  (Fig.  3.35)  somewhat  is  raised 
[3,  51].  With  excessive  capacitance  value  Ca  is  observed 
overcorrection,  which  is  evinced  by  the  appearance  of  an  overshoot  in 
the  beginning  of  apex/vertex. 
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Fig.  3.34.  Thyratron  diagrams  with  corrective  capacitors,  capacitors, 
switched  on:  a)  in  parallel  to  cable;  b)  in  parallel  to  thyratron. 


Fig.  3.35.  Shape  of  pulse  with  different  value  of  corrective 
capacity/capacitance  (c:\>c.,). 

Page  191. 

For  finger  thyratron  TGI1-3/1  capacity/capacitance  Cnf„.,  =  l5  +  2»  pF, 
while  for  high-voltage  thyratrons  CUnnT=35+3U  pF.  The  application  of 
the  corrective  capacity/capacitance  makes  it  possible  in  the  case  of 
finger  thyratron  to  decrease  the  duration  of  front  on  1  ns,  and  in  the 
case  of  high-voltage  thyratrons  -  on  2  ns. 

Application  of  corrective  capacity/capacitance  in  diagram  in 
Fig.  3.28a  makes  it  possible  also  to  a  considerable  degree  to 
weaken/attenuate  integrating  effect  of  shunt  capacitance  C1U.  which 
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sometimes  proves  to  be  to  shunt  resistance  to  loadings  /?„.  The 
discharge  of  the  corrective  capacity/capacitance  creates  the 
conditions  of  the  more  rapid  charge  of  shunt  capacitance,  the 
steepness  of  the  pulse  edge  increases  in  consequence  of  which  and  the 
nonuniformity  of  its  apex/vertex  decreases. 

Presence  of  capacity/capacitance,  which  shunts  load,  and  also 
application  for  correction  of  capacity/capacitance,  switched  on  in 
parallel  to  forming  cable,  leads,  however,  to  increase  in  time  of 
shear/section  of  pulse.  This  is  caused  by  the  process  of  the 
discharge  of  the  indicated  capacities/capacitances  through  the  load 
after  time  t*2t,. 

Time  constant  of  discharge  of  capacity/capacitance  Ca  is 
determined  by  internal  resistor/resistance  of  open  thyratron  Rto  and 
by  resistance/resistor  of  load  A',:.  it  is  equal  to 

CM'+Rui 

Occurring  due  to  discharge  of  this  capacity/capacitance  increase 
in  pulse  duration,  measured  at  level  0.5  of  amplitude,  will  be  equally 

Lf-  RaCa, 

where  u„  -  amplitude  of  formed/shaped  pulse. 

Increase  in  pulse  duration,  caused  by  discharge  of 


capacity/capacitance  Cm, 
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tui  —  0,7Cu,fiu. 

Method  of  correction  with  the  aid  of  capacity/capacitance  C., 
connected  in  parallel  to  thyratron,  does  not  have  this  deficiency 
(Fig.  3.34b).  The  current  of  discharge  CT  contributes  to  the  more 
rapid  process  of  the  ionization  of  gas  in  its  final  phase. 

Page  192. 

If  the  value  of  this  capacity/capacitance  is  not  very  great  and  it 
manages  rapidly  to  be  discharged  at  the  moment  of  the  complete 
triggering/opening  of  thyratron,  then  its  presence  does  not  cause  an 
increase  in  the  duration  of  the  pulse  edge,  but  slows  down  the 
displacement  of  operating  point  from  the  characteristic  of  ionization, 
which  corresponds  to  voltage/stress  U*E,  to  the  characteristic,  which 
corresponds  to  6'=  ~  (Fig.  3.36).  Curves  1  and  2  characterize  a 
change  in  the  voltage  on  the  load  of  generator  taking  into  account  the 
decrease  of  voltage/stress  in  the  forming  line  with  E  of  up  to  E/2  and 
can  be  named  the  dynamic  characteristics:  curve  1  in  the  presence  of 
capacity/capacitance  cTOht  and  curve  2  when  CT= 0. 

Capacity/capacitance  c„  corrects  form  of  dynamic  characteristic 
in  its  upper  part,  which  leads  to  correction  of  apex/vertex  and  pulse 
edge  on  load  flu.  The  discharge  current  of  this  capacity/capacitance 
does  not  pass  through  the  load  resistance/resistor,  and  therefore  the 
duration  of  the  shear/section  of  pulse  does  not  grow/rise  and  is  equal 
to  the  duration  of  front.  Optimum  capacitance  value  CT  for  the  finger 
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thyratron  of  approximately  20  pF  and  for  the  high-voltage  thyratrons 
of  approximately  30  pF. 

However,  connection  of  capacitor  cT  to  high-voltage  thyratrons 
can  cause  appearance  of  stray  inductance  due  to  jumpers,  since 
distance  between  anodic  and  cathode  outputs  in  series/row  of 
thyratrons  is  not  very  small. 
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Pig.  3.36.  Dynamic  characteristics  of  ionization  of  thyratron:  1  - 
in  presence  of  capacity/capacitance  with  c„onI.  2  -  when  c.~'- 

Page  193. 

As  noted  earlier,  presence  in  diagram  of  capacity/capacitance 
C,„  which  shunts  cathode  load,  and  also  application  of  corrective 
capacity /capacitance  cu  increase  in  duration  of  shear/section  of 
pulse  is  caused.  For  decreasing  the  duration  of  shear/section  it  is 
possible  to  use  the  special  circuits  of  correction  [3,  52]. 

Fig.  3.37  gives  diagram,  which  corrects  simultaneously  as 
shear/section  of  pulse,  so  to  a  certain  extent  and  its  apex/vertex. 
Capacitor  with  a  capacity/capacitance  of  hundreds  of  picofarads, 
connected  consecutively/serially  with  the  load  resistance/resistor, 
transmits  the  pulse  edge  without  the  distortions.  The  capacitor 
partially  is  charged  for  the  pulse  action  time  and  voltage/stress  on 
the  resistance/resistor  of  load  /?„  during  the  formation  of  the 
shear/section  of  pulse  will  be  determined  by  value  um{—uc,  which  leads 
to  the  decrease  of  the  duration  of  shear/section. 

Resistors/resistances  /?,  and  serve  for  the  capacitor  discharge 
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after  the  termination  of  pulse. 

Circuit  of  correction  must  not  introduce  disagreement/mismatch 
into  forming  line  with  load.  The  time  constant  of  equalizer  must  be 
such  that  to  ensure  the  undistorted  transmission  of  the  pulse  edge  and 
to  at  the  same  time  ensure  charge  of  capacitor  C„  to  voltage/stress 
A{A,ni;c  (Fig.  3.38),  a  sufficient  for  the  correction  shear/section  of 
pulse. 

Matching  condition  of  forming  line  is  given  by  expression 

p t.+ 


(3.39) 
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Fig.  3.37.  Corrector  of  shear/section  of  pulse  (a)  and  its  equivalent 
diagram  (b) . 
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Time  constant  of  capacitor  charging  circuit  C„  under  effect  of 
pulse  edge  must  satisfy  condition 

r,—  /?:,Cks»54.  (3.40) 

Time  constant  of  capacitor  charging  circuit  tor  pulse  action  time 
must  be 


where 


u 


Mane 


-  Ml, 


(3.41) 


Value  of  resistor/resistance  of  R,  is  selected  from  condition  of 


permissible  decay  in  apex/vertex: 


At/. 


Ry 


_  /?■  </?.,  +  /?,,) 


a  i  - 

+  R*  +  Rn 


R\R*  "f"  R\R H  4"  RkRu 


(3.42) 


Capacitance  of  capacitor  C,<  is  determined  from  conditions  (3.40) 
and  (3.41),  which  can  be  recorded  in  the  form 


In 


U  M«KO 


'X  3 .  -  o/q, , 


U  Mine  &U  t fa  KC 


where  *  It  Mill! 


-  minimum  pulse  duration 


T 
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Fig.  3.38.  Oscillogram  of  pulse,  obtained  in  diagram  with  correction. 
Page  195. 

With  realization  of  correction  of  shape  of  pulses  with  the  aid  of 
diagram  in  Fig.  3.37  it  is  possible  to  decrease  duration  of  front  and 
shear/section  of  pulse  on  1-1.5  ns  with  retention/maintaining  of 
flat/plane  pulse  apex. 

Application  of  circuits  of  correction  is  expedient  in  diagrams 
with  thyratrons,  when  forming  cascade/stage,  which  is  located  on 
output  of  device/equipment,  is  b?sic.  In  these  cases  there  is  a 
possibility  to  consider  the  special  features  of  load,  on  which  works 
the  pulse  generator.  When  the  forming  cascade/stage  on  the  thyratron 
is  not  output,  but  it  is  utilized  as  the  generator  of  current  taper  or 
voltage/stress,  which  enters  others  the  those  forming  value,  then, 
naturally,  to  complicate  diagrams  by  network  elements  of  correction 
does  not  have  a  sense.  For  example,  this  position  place  during  the 
use  of  the  nonlinear  forming  circuits  or  lines  has  (chapter  4  and  8). 


3.7.  PULSE-SHAPING  CIRCUITS  WITH  RELAYS. 
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In  pulse-shaping  circuits  with  thyratrons  it  is  possible  to 
obtain  pulses,  duration  of  front  of  which  lies/rests  within  limits  of 
5-15  ns,  which  depends  on  type  of  thyratron.  The  ionization  time  of 
thyratron  sets  limitation  on  the  rate  of  the  commutation  of  thyratron. 
Application  instead  of  the  thyratron  of  electron  tube  (corresponding 
power)  makes  it  possible  to  obtain  the  pulses,  the  duration  of  front 
of  which  the  order  of  the  units  of  nanoseconds.  If  necessary  for  the 
impulse  shaping  of  a  small  power  for  the  duration  of  front  for  less 
than  the  nanosecond  it  is  possible  to  use  a  commutator  of  another 
type.  The  electromechanical  relay  of  special  construction/design  is 
such  commutator. 

Commutation  properties  of  relay. 

Electromechanical  relay  has  very  short  time  of  commutation  and 
insignificant  and  sufficiently  fixed  resistor  of  contact.  It  finds 
use  as  the  commutating  element  in  the  pulse-shaping  circuits  of 
nanosecond  duration. 

Page  196. 

In  diagrams  of  formation  it  is  possible  to  utilize  usual 
electromagnetic  relays,  which  are  used  in  automation  and  equipment  of 
communication  (open  type  polarized  relays  and  vacuum)  [55].  However, 
for  the  diagrams  of  nanosecond  range  special  relays  are  developed  [56, 
57]. 
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Time  of  commutation  of  relay  is  considerably  less  than  in 
thyratrons.  Relay  realizes  a  commutation  via  the  periodic  contact  of 
armature  and  fixed  contact.  The  motions  of  armature  occur  under  the 
action  of  the  alternating  magnetic  field,  created  by  coil  current, 
connected  with  the  power  supply  by  relay  (usually  with  the  voltage 
generator  of  low  frequency).  Therefore  the  stable  work  of 
electromechanical  relay  is  defined  by  both  the  construction/design  of 
mechanical  system  and  by  special  features  of  electrical  circuit.  Some 
relays  stably  work  in  the  very  limited  frequency  region,  others  -  in 
the  wider  region.  The  operating,  frequency  of  relay  is  caused  by  the 
resonance  frequency  of  its  mechanical  oscillatory  system. 

Resistor/resistance  of  commutation  and  constancy  of  its  value  are 
caused  by  construction/design  of  contacts  of  relay.  The  strength  of 
current,  switched  in  the  contacts  of  relay,  in  the  majority  of  the 
cases  is  considerably  lower  than  the  current  strength  in  the  thyratron 
of  average/mean  or  even  small  power. 

Rate  of  commutation  of  relay  is  determined  by  construction/design 
of  movable  system  of  relay  and  by  special  features  of  contacts 
themselves.  However,  for  the  time  of  commutation  they  can  noticeable 
effect  exert  the  parasitic  parameters  of  the  circuit,  formed  by 
conclusions  from  the  contacts.  In  the  usual  electromagnetic  relays, 
not  designed  specially  for  the  work  in  the  diagrams  of  the  formation 
of  nanosecond  pulses,  stray  inductance  and  capacity/capacitance  is 
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very  noticeable.  During  the  application  of  such  relays  the  certain 
possible  change  in  the  mounting  of  relay. 


I 


Fig.  3.39.  Diagrammatic  representation  of  construction/design  of 
relay  for  coaxial  system. 

Page  197. 

For  eliminating  parasitic  parameters  of  mounting  relays, 
specially  designed  for  diagrams  of  formation  of  nanosecond  pulses  [40] 
against  those  fitted  out  for  mounting  in  coaxial  system  are  used  (Fir., 
3.39).  This  relay  is  fulfilled  in  the  form  of  the  copper  cylinder, 
which  serves  as  the  external  conductor  of  coaxial  system,  within  which 
is  fastened  to  the  insulators  the  internal  conductor  (from  the  elastic 
material,  covered  with  silver),  that  consists  of  two  parts  -  with 
motionless  and  movable.  Both  parts  of  the  internal  conductor  have  the 
platinum  contacts,  designed  for  the  transmission  of  the  current  of  the 
significant  magnitude.  Slide  contact  is  set  in  motion  and  completes 
oscillations/vibrations  at  its  resonance  frequency,  equal  to  100-150 
Hz,  under  the  action  of  the  magnetic  field  of  the  coil, 
arranged/located  on  the  external  conductor  of  relay. 

Sizes/dimensions  of  external  and  internal  conductors  are  selected 

) 


so  that  wave  impedance  of  system  of  relay  corresponds  to  wave 
impedance  of  forming  cable,  which  is  connected  up  to  one  end/lead  of 
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relay,  and  also  cable  of  output,  which  is  connected  up  to  another 
end/lead  of  relay. 

Some  constructions/designs  of  relay  have  essential  deficiency, 
which  is  expressed  in  the  fact  that  at  moment  of  closing  of  contacts 
their  repeated  contacts  appear  ("chattering").  As  a  result  the  shape 
of  the  obtained  pulse  sharply  is  distorted.  Since  in  the  relays, 
which  have  mechanical  solid  contacts,  such  repeated  contacts  of 
contacts  during  their  closing/shorting  are  very  probable,  then  for 
eliminating  this  essential  deficiency  are  proposed  relay  with  the 
hydrophilic  contacts.  In  such  relays  the  commutation  is  realized  via 
the  contact  of  two  hydrophilic  contacts  or  one  solid  nonwettable 
contact  with  liquid  conducting  medium,  as  which  is  utilized  mercury 
(56,  57]. 
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Fig.  3.40.  Diagrammatic  representation  of  construction/design  of 
relay  with  hydrophilic  contacts. 

Key:  (1).  Contacts.  (2).  armature.  (3).  Capsule.  (4).  Housing. 
(5).  Mercury. 

Page  198. 

Relays  with  contacts  moistened  by  mercury,  found  use  in 
series/row  of  generators  of  nanosecond  pulses,  is  represented  in  Fig. 
3.40  [56].  In  glass  bulb,  whose  lower  part  is  filled  with  mercury, 
are  installed  contacts.  One  contact  in  the  form  of  the  long  springy 
armature,  made  from  the  ferromagnetic  material,  has  capillaries,  using 
which  rises  mercury.  The  second  contact  is  motionless  and  made  in  the 
form  of  the  platinum  ball/sphere,  attached  to  the  small  pole  piece, 
sealed  in  in  the  upper  part  of  the  flask/bulb. 

Proceeding  to  junction  mercury  wets  both  contacts  and  during 
closing/shorting  reliable  compound  is  formed.  Armature  touches  the 
contact  at  the  point,  close  to  the  center  of  system,  which  limits  the 
force  of  the  jerk/ impulse,  which  throws/rejects  armature  to  this  value 
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of  the  amplitude,  whose  value  is  insufficient  for  the 
disturbance/breakdown  of  the  mercury  bridge,  which  is  formed  during 
the  closing  of  contacts.  Thus,  completely  is  removed  bouncing  of 
contacts  during  closing/shorting  of  relay. 

For  increasing  reliability  of  work  of  relay  space  within 
flask/bulb  is  filled  with  hydrogen  under  pressure  in  10  atm.  Relay  is 
included  in  oscillator  circuit  as  the  part  of  the  coaxial  system. 

In  generator  with  such  relay  it  is  possible  to  obtain  pulses  with 
amplitude  of  up  to  50  V  for  duration  of  front  0.2  ns.  Further 
increase  in  the  pulse  amplitude  can  lead  to  the  disruption  of  the  work 
of  relay  as  a  result  of  possible  evaporation  of  mercury  in  the  place 
of  contact. 

Fig.  3.41  gives  construction/design  of  relay  with  one  rigid  [57]. 
In  glass  bulb  1  is  an  armature  2  in  the  form  of  the  jarring  steel 
plate.  Flat/plane  platinum  contact  3  is  fastened/strengthened  to  the 
free  end/lead  of  the  plate.  In  the  lower  part  the  flask/bulb  has  a 
contraction.  It  together  with  glass  small  tube  4,  mixed  at  the 
end/lead  of  the  lower  molybdenum  conclusion/output,  forms  capillary. 

As  a  result  of  this  mercury,  which  fills  the  lower  part  of  the 
flask/bulb,  is  held  in  the  capillary  on  the  same  level  and 
counterbalances  mercury  column  in  the  central  tube. 


DOC  -  88076712 


PAGE 


k 

'  ^ 2 

Pig.  3.41.  Flask/bulb  of  relay  with  one  solid  contact  and  mercury 
drop. 

Page  199. 

At  the  end/lead  of  this  tube  mercury  forms  convex  meniscus  5,  which  is 
the  second  contact  of  relay.  With  the  vibration  of  armature  platinum 
contact  each  period,  concerning  the  drop  of  mercury,  cuts  its  and, 
thus,  is  realized  commutation  without  the  supplementary  contacts  of 
contacts.  The  drop  of  mercury  then  is  restored  due  to  mercury,  which 
enters  from  the  tube.  The  space  of  intra-flask/intra-bulb  is  filled 
with  hydrogen  under  the  pressure  approximately  10  atm.  In  the  upper 
and  lower  parts  of  the  flask/bulb  are  conclusions,  connected  in 
accordance  with  armature  and  mercury.  Flask/bulb  is  placed  into  the 
copper  cylinder,  on  which  is  arranged/located  the  coil  of  relay.  For 
the  preliminary  magnetic  biasing  of  armature  outside  the  coix 
permanent  magnet  is  placed. 

Relay  of  such  type  is  used  in  series  pulse  generator  of 
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nanosecond  duration  G5-12.  The  formed/shaped  pulses  have  a  duration 
of  front  of  approximately  0.4  ns  and  an  amplitude,  adjusted  in  the 
limits  from  10  mV  to  100  V.  The  pulse  repetition  frequency  is 
determined  by  the  resonance  frequency  of  the  oscillations  of  armature 
and  is  equal  to  200  Hz. 

For  formation  in  diagram  with  relay  of  pulses  with  duration  of 
less  than  nanosecond  it  is  necessary  to  have  relay  with  time  of 
commutation  of  less  than  10' 10  s,  and  also  to  considerably  decrease 
length  of  forming  line.  L.  N.  Tyul’nikov  [58]  proposed  the 
generator,  which  contains  the  electromechanical  relay,  in  which  the 
element,  which  accumulates  energy,  simultaneously  fulfills  Paul 
interrupter.  Schematically  the  construction/design  of  generator  is 
depicted  in  Fig.  3.42. 
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Fig.  3.42.  Diagrammatic  representation  of  device/equipment  of 
generator  with  relay,  which  have  movable  section/segment  of  center 
conductor  of  coaxial  line. 

Page  200. 

Here  coaxial  line  contains  central  conductor  1,  which  is  cut  in  two 
places.  Middle  section/segment  freely  is  moved  in  axial  direction, 
alternately  oscillating  by  the  ends/faces  of  left  and  right  of  the 
attached  sections/segments  of  center  conductor.  Left  section  is 
connected  through  resistor  2  to  the  dc  power  supply,  right  to  matched 
load  3. 

In  process  of  moving  middle  section/segment  along  axis  of  coaxial 
line  with  its  contact  of  left  section/segment  charge  of  line  occurs, 
and  discharge  of  line  for  matched  load  is  realized  with  contact  of 
right  section/segment  of  conductor.  The  motion  of  middle 
section/segment  occurs  due  to  the  energy  of  the  alternating  magnetic 
field  of  coils  4  and  5,  arranged/located  out  of  the  coaxial  line. 


Generator,  thus,  is  carried  out  as  single  coaxial  line. 
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Dielectric  7  is  placed  between  the  center  conductor  and  external 
conductor  6.  The  gap  between  the  center  conductor  and  the  internal 
cylindrical  surface  of  dielectric  is  led  to  the  tenths  of  millimeter, 
which  comprises  less  than  1%  of  the  diameter  of  external  surface. 
Therefore  a  change  in  the  line  characteristic  due  to  the  gap  is  less 
than  1%.  The  reciprocating  motions  of  the  section/segment  of  center 
conductor  without  the  axial  bias/displacement  do  not  introduce 
noticeable  heterogeneity  into  the  line. 

Generator  can  work  stably  even  during  repeated  collision  of 
contacts  in  process  of  their  closing/shorting.  This  is  admissible, 
since  charging  circuit  is  extended  during  the  discharge  of  coaxial 
line  for  the  load,  and  the  discharge  time  of  line,  which  determines 
the  pulse  duration,  is  considerably  less  than  the  time  of  the  first 
contact  of  the  sections/segments  of  center  conductor. 

Possibility  of  shortening  duration  of  formed/shaped  pulse  up  to 
limit,  which  is  generally  feasible  in  generators  with  rebay,  is  one  of 
fundamental  advantages  of  this  generator.  Thus,  at  the  length  of  the 
middle  section/segment  of  center  conductor,  by  wound  1  cm,  the  pulse 
duration  is  close  to  0.08  ns.  With  the  considerable  decrease  of  the 
length  of  the  movable  section/segment  it  is  already  necessary  to 
consider  of  it  as  the  lumped  element  of  diagram. 

Limiting  case  of  impulse  shaping  of  very  short  duration  will  be 
during  discharge  of  ball/sphere,  into  which  degenerates  movable 
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section/segment  of  center  conductor  with  decrease  of  its  length. 

Page  201. 

Its  ability  to  work  in  frequency  band  relatively  wide  for  usual 
relays  is  special  feature  of  generator  with  movable  section/segment  of 
center  conductor.  The  middle  section/segment  of  center  conductor  is 
analogous  to  the  loose  beam/gully,  which  can  freely  be  moved  in  the 
axial  direction.  This  beam/gully  under  the  influence  of  periodic 
force  can  complete  motions  out  of  the  resonance  of  system  up  to  the 
natural  vibration  frequencies  of  rod.  Upper  working  oscillator 
frequency,  however,  can  be  limited  due  to  finite  time  of  the  magnetic 
reversal  of  the  ends/leads  of  the  rod  upon  the  replacement  of  the 
direction  of  the  manager  of  the  magnetic  field  of  coils.  In  this  case 
essential  is  the  material,  from  which  is  prepared  the  center 
conductor,  and  also  the  form  of  external  the  control  voltage,  supplied 
to  the  coils.  The  maximum  operating  frequency  of  this  generator  can 
reach  several  kilohertz. 

Oscillator  circuits  with  the  relay. 

Oscillator  circuits  with  relay  are  sufficiently  simple.  Fig. 

3.43  gives  the  oscillator  circuit  from  the  relays,  which  makes  it 
possible  to  obtain  at  the  output  simultaneously  three  pulses,  shifted 
in  the  time  relative  to  each  other. 
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Fig.  3.43.  Oscillator  circuit  with  relay. 

Key:  (1).  Power  supply  unit.  (2).  Forming  cable.  (3).  output. 

Page  202. 

With  extended  relay  forming  cable  is  charged  through 
resistor/resistance  of  Rx,  and  from  moment/torque  of  closing/shorting 
relay  it  is  discharged  for  matched  load.  Load  is  composed  from 
resistors/resistances  of  R,,  R,,  R«,  R,  and  the  resistors/resistances 
of  the  output  cables,  locked  for  the  resistive  loads,  equal  to  their 
wave  impedance.  In  this  diagram  the  matching  condition  of  the  forming 
cable  with  the  load  is  satisfied,  if  the  resistor/resistance  of 
divider  has  a  value  ^2=/?3=/?4  =  /?5  =  p/2,  where  p  -  wave  impedance  of  cable. 
In  this  case  the  amplitude  of  output  pulses  is  equal  to  U\^U2=U*=EI6, 
where  E  -  supply  voltage. 

Is  possible  application  of  matched  divider,  at  output  of  which 
pulses  have  different  amplitude.  If  one  of  the  outputs  is  not 
utilized,  then  it  must  remain  loaded  to  the  resistor/resistance,  equal 
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to  the  wave  impedance  of  the  cable  of  this  output. 

Pulse  amplitude  in  diagrams  with  relay  is  very  stable  in  value, 
in  this  case  its  stability  is  determined  by  stability  of  supply 
voltage,  connected  to  forming  line  for  its  charge.  In  the  diagram  in 
question  the  amplitude  of  output  pulses  is  regulated  by  changing 
supply  voltage,  which  is  conducted  with  the  aid  of  switching  of  the 
divider  of  voltage  and  continuously  variable  control  by  potentiometer. 
The  range  of  a  change  in  the  pulse  amplitudes  is  virtually  feasible 
from  the  millivolts  to  tens  of  volts.  The  duration  of  front  and 
shear/section  of  pulse  is  the  less,  the  more  qualitatively  the 
mounting  of  the  diagram  of  formation  is  carried  out. 

Generators  with  relay  possess  that  advantage  that  in  them  easily 
can  be  obtained  pulses  both  positive  and  negative  polarity,  which  is 
determined  by  polarity  of  switching  on/inclusion  of  source  of  power. 
The  replacement  of  the  pulse  polarity  is  realized  with  the  aid  of  the 
switch. 

Described  oscillator  circuit  with  relay  as  similar  simplest 
diagrams  with  relay,  has,  however,  number  of  deficiencies.  Many 
relays  work  stably  only  at  the  specific  frequency,  equal  or  to  very 
close  to  the  resonance  frequency  of  armature.  For  the  same  reason  it 
is  difficult  to  carry  out  synchronization  of  the  work  of  generator  by 
external  trigger  pulses.  Generators  with  the  relay  have  low  pulse 
repetition  rate. 
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PULSE-SHAPING  CIRCUITS  WITH  THE  ELECTRON  TUBES. 


Examined  diagrams  of  formation  with  thyratrons  either  relay  as  forming 
element  contain  first-order  two-terminal  network  in  the  form  of 
section/segment  of  coaxial  cable,  extended  at  one  end/lead,  or  special 
two-terminal  network  in  the  form  of  cable  segment,  connected  at 
ends/leads  with  load  and  matched  impedance. 


With  impulse  shaping  is  found  also  use  of  diagrams,  whose  work  is 
based  on  properties  of  second  kind  forming  two-terminal  network.  In 
such  diagrams  frequently  as  the  source  of  current  taper  are  utilized 
the  cascades/stages  on  the  electron  tubes.  The  diagrams,  which  have 
electron  tubes  as  the  commutator,  make  it  possible  to  obtain  pulses 
with  the  repetition  frequency,  considerably  larger  than  in  the 
diagrams  with  the  thyratrons  and  the  relay. 

Pig.  '3.44  gives  diagram  with  forming  line  and  pentode,  which 
ensures  required  current  taper  [59].  In  initial  state  both  tubes  are 
closed  and  current  in  load  Ra  is  absent. 
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Fig.  3.44. 
Key:  (1). 


Diagram  with  forming  line  on  pentodes. 


(2) 


-V¥Kh. 


C33.  ns. 


Page  204. 

The  trigger  pulse  of  positive  polarity  with  the  steep  front,  obtained 
from  the  blocking  oscillator,  is  supplied  to  the  grid  of  the  first 
pentode.  For  the  time,  during  which  the  current  in  the  tube  Lx 
reaches  maximum,  stray  capacitances,  available  in  the  circuit  of  the 
anode  of  tube  Lt  and  cathode  of  tube  L,  manage  to  be  discharged  from 
600  V  approximately  to  200  V,  which  corresponds  to  positive 
voltage/stress  on  control  electrode  of  the  second  tube. 


As  a  result  of  negative  drop/ jump  in  voltage/stress,  which  is 
created  on  cathode  of  second  tube  L,,  it  is  opened/disclosed  also 
through  resistor/resistance  of  R,  flows/occurs  current  of  constant 
value.  The  negative  drop/ jump  in  the  voltage/stress,  which  appears  in 
this  case  on  the  anode  of  tube  L,,  is  transmitted  along  the  cable 
segment,  short-circuited  at  the  end/lead.  After  reflection  from  the 
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end/lead  of  the  line  this  drop/jump  in  the  voltage/stress  returns  with 
opposite  phase,  as  a  result  of  which  the  shear/section  of  pulse  is 
formed/shaped.  Thus,  on  the  anode  of  tube  L,  is  created  the  pulse, 
whose  duration  is  determined  by  the  doubled  delay  of  the  forming  line. 
The  duration  of  front  and  shear/section  of  pulse  in  this  diagram 
depends  on  the  duration  of  the  front  of  the  drop/ jump  in  the 
voltage/stress,  supplied  to  the  line,  which  is  determined  by 
triggering  time  of  diagram  on  the  pentode  L2. 

Duration  of  front  of  output  pulse  here  succeeds  in  obtaining 
equal  to  several  nanoseconds.  Pulse  repetition  rate  reaches  hundreds 
of  kilohertz. 

Forming  properties  of  second-order  two-terminal  network  are 
utilized  also  in  pulse-generating  circuit  of  triangular  form,  proposed 
by  Yu.  N.  Prozorovskiy  [60].  Diagram  consists  of  the  forming 
two-terminal  network,  the  cascade/stage,  which  creates  current  taper, 
and  limiter.  In  the  simplified  form  the  diagram  is  given  in  Fig. 

3.45. 


In  the  case  of  applying  pentode  as  current  generator  front  of 
current  taper  is  linear  in  its  middle  part,  and  beginning  and  end/lead 
are  distorted  due  to  effect  of  stray  capacitances.  The  distortion  of 
front  at  the  pulse  apex  in  this  diagram  is  eliminated,  since  the 
forming  line  has  a  delay  time  less  than  the  duration  of  the  front  of 
current  taper.  However,  the  application  of  limitation  from  below 
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makes  it  possible  to  remove  the  distortions  of  front  in  its  initial 
part. 

Page  205. 

As  a  result  in  the  diagram  the  pulses  of  sufficiently  correct 
triangular  form  are  formed/shaped. 

Trigger  pulse  of  positive  polarity  is  supplied  to  input  of 
blocking  oscillator  (to  tube  L»),  which  generates  steep-sided  pulses 
approximately  4  kV/us.  This  pulse  is  fed/conducted  to  control 
electrode  of  tube  La,  which  works  in  the  mode  of  the  generator  of 
current  taper.  The  anode  current  of  tube  in  the  pulse  is  equal  to  2 
a,  which  makes  it  possible  to  obtain  the  sufficiently  powerful  pulse 
of  nanosecond  duration. 

Plate  load  of  tube  L,  is  cable  segment  and  ohmic  resistance.  In 
the  anode  circuit  of  tube  L,  are  formed/shaped  two  triangular  pulses 
of  negative  and  positive  polarity,  that  correspond  to  front  and 
shear/section  of  the  pulse,  which  triggers  tube.  Negative  and  the 
lower  part  of  positive  pulses  are  intercepted/detached  in  the 
cascade/stage  limitations  L,.  The  upper  part  of  positive  pulse  in 
this  case  is  additionally  amplified  by  the  tube  of  limiter. 

Output  pulse  of  negative  polarity  has  correct  triangular  form  and 
rate  of  build-up  of  front  on  the  order  of  30  kV/as.  The  pulse 
duration  can  be  regulated  by  bias/displacement  change  on  the  grid  of 
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tube  L,  from  3  to  19  ns.  The  pulse  amplitude  on  the  load  of  150  ohms 
in  this  case  varies  respectively  from  50  to  600  V.  The  pulse 
repetition  frequency  reaches  several  hundred  kilohertz. 
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Fig.  3.45.  Pulse-shaping  circuit  of  triangular  form. 

Key :  ( 1 ) .  output . 

Page  206. 

Diagram  can  be  altered  for  obtaining  pulses  of  positive  polarity. 
In  this  case  limiting  cascade/stage  must  be  transferred  into  the  mode 
of  cathode  follower;  however,  the  steepness  of  the  front  of  output 
pulse  in  this  case  falls  to  4  kV/*is. 

Application  in  this  schematic  of  low-power  electron  tubes 
(receiver-amplifier)  makes  it  possible  to  form/shape  pulses  with 
amplitude  of  up  to  50  V. 

For  all  pulse-shaping  circuits  with  nanosecond  duration  with 
electron  tubes  as  commutating  element,  is  essential  form  of  trigger 
pulse.  If  in  the  diagrams  with  the  thyratrons  trigger  pulse  defines 
the  operational  stability  of  diagram,  but  not  the  form  of  the 
formed/shaped  pulse,  then  in  the  diagrams  with  the  electron  tubes  it 
defines  both  the  stability  of  starting/launching  and  form  of  output 
pulse.  Here  the  steepness  of  the  front  of  trigger  pulse  must  be 
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considerable,  since  it  determines  the  jump  steepness  in  the  current, 
and  consequently,  front  and  the  shear/section  of  the  formed/shaped 
pulse.  Only  with  the  considerable  slope/transconductance  of  trigger 
pulse  stray  capacitances  of  the  diagrams,  which  also  determine  the 
shape  of  pulse,  begin  to  play  noticeable  role.  If  the 
slope/transconductance  of  trigger  pulse  is  insufficiently  great,  then 
in  essence  trigger  pulse  determines  the  form  of  the  frontal  part  of 
output  pulse.  In  the  diagrams,  where  limiters  are  not  used,  the 
nonlinearity  of  the  initial  section  of  trigger  pulse  can  affect  the 
form  of  output  pulse. 

However,  possibility  of  obtaining  high  pulse  repetition  rate  in 
diagrams  with  electron  tubes  is  their  essential  advantage. 

3.9.  Pulse-shaping  circuits  with  the  spark  dischargers. 

In  pulse-shaping  circuits  with  relay  is  possible  obtaining 
pulses,  duration  of  front  of  which  about  0.1-0. 4  ns,  but  their 
amplitude  is  limited  virtually  by  value  100  V.  However,  in  the 
diagrams  with  the  thyratrons  it  is  possible  to  obtain  the  pulses  of 
high  voltage,  but  the  duration  of  their  front  is  considerably  more 
than  formed/shaped  in  the  diagrams  with  the  relay. 

Page  207. 

However,  in  number  of  cases  it  is  necessary  to  have  pulses  of 
high  voltage,  duration  of  front  of  which  is  less  than  nanosecond. 
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Such  pulses  can  be  formed  in  the  diagrams  with  the  discharge  lines,  in 
which  as  the  commutator  are  utilized  the  spark  dischargers. 

COMMUTATION  PROPERTIES  OF  SPARK  DISCHARGERS. 

by  experiments  [61,  62]  established  that  rate  of  breakdown  of 
discharger  at  atmospheric  pressure  grows/rises  with  increase  in 
voltage/stress  applied  to  electrodes.  If  the  applied  voltage/stress 
considerably  exceeds  breakdown  (it  occurs  overvoltage),  then  the  time 
of  fundamental  breakdown,  i.e.,  the  time  of  the  commutation  of 
gap/ interval,  can  be  less  than  one  nanosecond. 

Valuable  property  of  spark  discharger  consists  in  possibility  of 
transmission  by  it  very  high  currents.  However,  application  in  the 
discharger/gap  of  supplementary  third  electrode  makes  it  possible  to 
create  the  commutator,  controlled  by  trigger  pulse. 

However,  spark  discharger  as  commutator  of  pulse-shaping  circuit 
of  nanosecond  duration  has  considerable  deficiency.  This  deficiency 
consists  in  the  large  instability  of  the  moment/torque  of  the 
fundamental  prebreakdown  of  discharger/gap.  Therefore  the  use  of  a 
spark  discharger  in  the  diagrams  of  the  formation  of  periodic  pulses 
is  virtually  excluded.  However,  with  the  formation  of  the  single 
pulses  of  large  power  the  dischargers/gaps  find  wide  application. 


Time  of  commutation  of  spark  discharger  and  duration  of  pulse 
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edge  determined  by  it  can  be  evaluated  by  expression  [63,  64] 

6-  1  '  R  • 

where  k  -  constant,  which  depends  on  form  and  gas  pressure  in  spark 
discharger; 

s  -  spark-gap  length; 

U  -  voltage  on  discharger/gap; 

L  -  stray  inductance  of  circuit; 

R  -  load  resistance/resistor. 

Page  208. 

If  parasitic  parameters  of  mounting  are  low,  then  duration  of 
front  is  determined  by  properties  of  commutator,  i.e.,  by  parameters  k 
and  s,  and  also  with  value  of  voltage/stress.  The  greater  the  applied 
voltage/stress,  and  consequently,  the  greater  the  amplitude  of 
formed/shaped  pulses,  the  less  the  duration  of  front.  However,  in  the 
real  cases  with  the  high  value  of  voltage/stress  U  and  the  small 
gaps/intervals  s  value  4  does  not  depend  on  s  and  is  determined  by 
the  time  constant  of  the  circuit,  formed  due  to  the  parasitic 
parameters.  This  position  occurs,  when  the  duration  of  front 
approaches  a  value  of  order  10' 10  s. 

Value  of  time  lag  of  breakdown  relative  to  moment/torque  of 
arrival  of  igniting  pulse  or  applied  voltage/stress  is  important 
characteristic  of  discharger.  In  many  instances  during  the 
investigations  with  the  aid  of  the  high-voltage  pulses,  obtained  in 
the  diagrams  with  the  spark  dischargers,  to  undesirably  have  long  time 
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lag. 

Time  of  statistical  time  lag  of  breakdown  succeeds  in  descending 
with  work  in  mode  of  considerable  overvoltage.  Large  overvoltage  can 
be  obtained  in  the  special  constructions/designs,  so-called  series 
spark  gaps  [65,  66]. 

SCHEMATICS  OF  DEVICES/EQUIPMENT  WITH  THE  SPARK  DISCHARGERS. 

Fig.  3.46a  gives  diagram  of  installation  for  formation  of 
nanosecond  pulses  of  high  voltage,  with  the  aid  of  which  it  is 
possible  to  obtain  pulses  of  high  voltage  with  duration  of  front  of 
0.3  ns  [67], 

Forming  cable  Lx  is  charged  through  resistor/resistance  of  Rx 
from  source  with  voltage/stress  of  E,  equal  to  20  kV.  The  center 
conductor  of  cable  is  connected  with  one  of  the  electrodes  of  the 
starter  gap,  which  consists  of  two  sections.  The  first  section  by 
length  /  is  formed  by  left  and  average/mean  electrodes  in  the  form  of 
the  spheres,  placed  accurately  in  the  direction  of  center  conductor. 
The  second  section  with  a  length  of  // 4  is  formed  by  average/mean  and 
right  electrodes. 

Voltage/stress  E,  applied  to  first  section  of  starter  gap,  is 
lower  than  breakdown  voltage. 


Page  209. 
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Therefore  the  breakdown  of  the  first  section  begins  only  during  the 
supplying  to  the  average/mean  electrode  of  the  negative  trigger  pulse, 
as  a  result  of  which  average/mean  electrode  is  charged  up  to 
voltage/stress  E.  The  second  section,  which  has  smaller  length, 
proves  to  be  under  the  voltage/stress,  which  exceeds  breakdown  voltage 
approximately  4  times,  which  leads  to  the  rapid  breakdown  of  this 
section. 

Pulse  formed/shaped  in  starter  gap  enters  cable  L2.  Duration  of 
the  edge  of  this  pulse  of  approximately  20  ns.  This  duration  is  not 
connected  with  the  properties  of  the  second  section  of  starter  gap,  it 
depends  on  the  fact  that  in  the  beginning  of  breakdown  the  current  in 
the  first  section  cannot  achieve  the  necessary  value  due  to  the  high 
resistor/resistance  of  the  trigger  generator,  on  which  falls  the 
significant  part  of  the  voltage/stress.  After  the  breakdown  of  the 
second  section  the  resistor/resistance  of  gap/interval  is  determined 
by  the  low  value  of  the  wave  impedance  of  cables  L2  and  L,  and  current 
reaches  value  200  a. 

For  peaking  is  used  second  discharger,  so-called  peaker,  which  is 
isolated  from  starter  gap  by  cable  L2. 


L  _  . 
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Fig.  3.46.  Oscillator  circuit  with  spark  dischargers  (a);  oscillogram 
of  formation  of  edge  of  pulse  (b). 

Keys  (1  (2).  Mercury-vapor  lamp.  (3).  kilohms.  (4). 

Starting/launching.  (5).  kV.  (6).  OU'fpu'fr.  (7).  starting/launching 
discharger/gap.  (8).  Peaker.  (9).  Pulse  edge  in  starting/launching 
discharger/gap.  (10).  leading  edge  of  pulse  in  peaker.  (11).  ns. 

Page  210. 

The  pulse  through  the  separating  cable  emergent  in  the  starter  gap 
proceeds  to  discharger/gap  with  the  very  short  gap/interval,  which 
proves  to  be  under  the  voltage/stress,  which  considerably  exceeds 
breakdown.  Breakdown  flows/occurs  very  rapidly,  but  on  the  time  it 
delays  relative  to  the  moment/torque  of  the  arrival  of  pulse.  If  time 
lag  lasts  more  than  20  ns,  then  the  flat  initial  part  of  the  pulse, 
which  enters  the  peaker,  manages  to  pass  (Fig.  3.46b)  and  then  the 
edge  of  the  pulse,  formed/shaped  in  the  peaker,  is  determined  by  the 
rate  of  breakdown  in  it.  For  obtaining  the  necessary  value  of  the 
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time  lag  of  breakdown  in  the  peaker  the  space  is  filled  with  nitrogen 
under  the  high  pressure.  For  decreasing  the  time  of  commutation  the 
length  of  gap/interval  is  small  and  equal  to  0.025  mm. 

Formed/shaped  pulses  have  amplitude  of  10  kV  for  duration  of 
front  0.3  ns.  Since  the  time  lag  of  breakdown  is  unstable,  then  it  is 
difficult  to  ensure  assigned  delays  of  breakdown,  equal  to  20  ns. 

Another  oscillator  circuit  is  free  from  some  deficiencies  in 
preceding/previous  diagram.  Generator  has  one  discharger,  whose  space 
is  filled  with  nitrogen  under  the  high  pressure.  The  peaking  of  the 
formed/shaped  pulse  occurs  in  the  same  gap/interval  with  the  aid  of 
the  high-frequency  corrective  capacitor,  connected  to  the  electrodes 
of  discharger/gap  (Fig.  3.47).  Here  p  -  wave  impedance  of  cables. 
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Fig.  3.47.  Oscillator  circuit  with  spark  discharger  (a);  its 
equivalent  diagram  (b) . 

Key:  (1).  Starting/launching.  (2).  Capacitor.  (3).  GU-fcfut- 

Page  211. 


If  discharger/gap  would  be  ignited  instantly,  then  the  voltage/stress, 

fa +«’■'“) 

which  enters  the  output  cable,  would  be  equally  ^to  and  it  caused  the 
surge,  which  dropped  with  the  time  constant  pC/2.  If  this  time 
constant  of  the  order  of  the  pulse  rise-time  in  the  discharger/gap 
without  peaking  circuit,  then  in  the  case  of  discharger/gap  with 
peaking  circuit  it  is  possible  to  obtain  steep-sided  pulses  without 
the  distortions.  After  the  selection  of  the  value  of  the  peaking 
capacity/capacitance  and  fine  adjustment  of  length  of  both  sections  of 
discharger  the  diagram  works  reliably. 


Diagram  of  formation  of  nanosecond  pulses  of  high  voltage,  which 
uses  series  spark  gap  [66],  sufficiently  simply  is  regulated  and 
reliably  works.  Fig.  3.48  gives  oscillator  circuit  with  series  spark 
gap  and  peaker.  This  diagram  makes  it  possible  to  obtain  large 
overvoltage  on  the  discharger/gap  which  leads  to  the  short  duration  of 
the  pulse  edge  and  the  small  delay  of  starting/launching. 
Discharger/gap  is  carried  out  in  the  form  of  coaxial  system.  From  the 


7 


3^9 

DOC  «  88076712  PAGE  ^ 

dc  power  supply  30  kV  is  charged  the  segment  of  cable  Lx.  After 
functioning  consecutive  discharger  px  in  the  line  L,  appears  the  pulse 
by  the  voltage/stress  of  15  kV  and  by  duration  about  40  ns  with  a 
duration  of  the  front  of  5  ns.  After  the  breakdown  of  the  latter/last 
discharger/gap  p,  the  current  reaches  200  a. 

For  shortening  of  duration  of  pulse  edge  is  used  corrective 
capacity /capacitance  cK.  switched  on  in  parallel  to  line  Lx.  Fig. 

3.48b  gives  the  equivalent  diagram  of  the  discharge  circuit. 

Let  us  record  characteristic  of  commutation  of  discharger/gap  in 
the  form  [66] 

where  a  -  constant,  and  assuming/setting  U*l,  for  change  in 
voltage/stress  with  time  we  will  obtain  expression 

2  f 

a  (at)  —  L  ["  i  __  1  —A£iLc~ai  __  l 

2  I  2  -  L’  ~afCu  j- 

It  follows  from  this  expression  that  with  increase  in  capacitance 
CK  pulse  edge  decreases  with  constant  amplitude. 

Page  212. 

However,  with  excessively  high  value  C„  is  observed  overcorrection  of 
pulse,  which  is  evinced  by  the  appearance  of  an  overshoot  for  its 
apex/vertex.  When  c„  =  i,4/ap  the  value  of  overshoot  composes  5%.  Since 
a  —  2,2/tK,  then  the  optimum  value  of  capacitance  cK  will  be  value 
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Fig.  3.48.  Oscillator  circuit  with  series  spark  gap  and  peaker  (a); 
equivalent  schematic  of  discharge  line  (b). 

Key:  (1).  kV.  (2).  Starting/launching  of  oscillograph.  (3). 

Launching/starting. 

Page  213. 

With  this  value  the  duration  of  the  pulse  edge  is  determined  by  the 
expression 


With  the  aid  of  corrective  capacitance  succeed  in  obtaining 
duration  of  front  of  approximately  2.5  ns. 

For  further  decrease  of  duration  of  pulse  edge  is  used  peaking 
discharger/gap  p, .  The  length  of  the  gap/interval  of  this 
discharger/gap  is  selected  by  such  that  its  breakdown  would  occur  on 
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the  upper  part  of  the  edge  of  the  pulse  (s0*3  mm  entering).  In  this 
case  occurs  maximum  overvoltage  in  the  gap/ interval  and,  therefore, 
the  minimum  time  of  commutation.  The  duration  of  the  front  of  output 
pulse  proves  to  be  equal  to  approximately  0.6  ns. 

For  formation  of  shear/section  of  pulse  in  diagram  is  provided 
special  discharger/gap  /><•,  built  in  chamber/camera  of  discharger/gap 
p, .  The  moments/torques  of  breakdown  across  gap  p»  and  p„  are 
synchronized  by  the  special  circuit,  connected  with  the  key/wrench  o. 
launching/starting  generator  Kx.  The  pulse  duration  is  regulated  by 
the  length  of  the  gap/interval  of  discharger/gap  />«••  The  cathode  of 
discharger/gap  pc  is  irradiated  by  ultraviolet  rays  from  special 
gap/interval  p„.  The  moment/torque  of  the  breakdown  of  this 
gap/interval  must  be  synchronized  with  the  starting/launching  of  the 
coaxial  commutator,  which  is  ionized  by  spark  in  gap/interval  p" 

All  generators  of  high-voltage  pulses  examined  are  intended  for 
formation  of  single  pulses. 

Such  generators  are  used  during  diverse  physical  investigations 
and  during  different  tests  [66].  Usually  during  the  supplying  of 
high-voltage  nanosecond  pulse  on  the  object  being  investigated  is 
realized  the  starting/launching  of  p canning/sweep  of  the  oscillograph, 
with  the  aid  of  which  is  observed  the  studied  phenomenon.  Therefore 
in  the  generators  the  output  of  the  trigger  pulse  of  oscillograph  must 
be  provided.  So  in  fig.  3.48  is  shown  the  output  of  this  pulse, 


DOC  =  88076712 


PAGE  ^ 


removed  from  resistor/resistance 
Page  214. 

Pulse-shaping  circuit  with  discharge  line,  noncritical  to  value 
of  load  (Fig.  3.13),  it  can  be  used  also  with  construction  of 
generators  of  nanosecond  pulses  of  high  voltage  with  spark 
dischargers.  This  diagram,  used  for  the  impulse  shaping  of 
microsecond  duration  in  the  installation  with  spark  dischargers  [68], 
proved  to  be  very  advisable  with  the  work  with  the  mismatched  load  or 
time-varying  load.  Besides  noncriticality  to  the  value  of  load  this 
diagram  and  in  the  case  of  applying  the  spark  dischargers  makes  it 
possible  to  obtain  the  pulses,  whose  duration  easily  is  regulated  in 
the  considerable  limits  with  the  aid  of  a  change  in  time  difference 
between  the  moments/torques  of  the  breakdown  of  two  dischargers/gaps. 
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CHAPTER  FOUR 

Impulse  shaping  from  the  shock  electromagnetic  waves,  which  are 
propagated  in  the  lines  of  transmission. 

In  contemporary  physics  and  technology  there  is  need  for 
application  of  electric  pulses  of  high  voltage  with  duration  on  the 
order  of  10-'  s.  Obtaining  such  pulses  with  the  aid  of  the  thyratron 
diagrams  without  their  subsequent  conversion  is  impossible,  since  the 
ionization  time  of  high-voltage  thyratrons  is  considerably  more  than 
one  nanosecond.  The  application  of  diagrams  with  the 
accumulators/storage  and  the  spark  dischargers  is  possible  only  in 
obtaining  of  single  pulses,  because  in  the  case  of  the  formation  of 
repetitive  pulses  is  manifested  the  considerable  instability  of 
triggering  time  of  spark  discharger.  The  use  of  the  simplest  circuits 
with  the  nonlinear  inductance  contributes  to  the  solution  of  this 
problem,  but  to  the  insufficient  degree. 

Obtaining  such  pulses  became  possible  with  the  aid  of  forming 
lines  with  nonlinear  parameters.  Initially  by  I.  G.  Katayey  [69]  was 
expressed  the  possibility  of  the  formation  of  very  steep  edges  in  the 
current  (voltage/stress)  by  the  transmission  of  the  pulse  through  the 
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artificial  delay  line  with  the  nonlinear  parameters,  in  which  the 
delay  time  decreases  with  an  increase  in  the  instantaneous  values  of 
current  and  voltage/stress. 


Pulse  edge  at  output  of  this  line  increases  with  considerably 
larger  rate,  than  at  input. 

Page  216. 

In  contrast  to  many  other  methods  of  impulse  shaping  in  this  case  with 
an  increase  in  the  amplitude  of  initial  current  taper  (voltage/stress) 
the  duration  of  front  at  the  output  decreases,  what  is  the  very 
valuable  advantage  of  the  method  in  question. 

Theoretical  studies  of  physical  phenomena,  which  lie  at  basis  of 
this  method  of  formation  of  steep  edges  in  current,  they  showed 
possibility  of  presence  of  impact  electromagnetic  of  will  and 
explained  mechanism  of  their  formation  in  media  and  transmission  lines 
with  nonlinear  parameters  [70-77]. 

Phenomenon  of  impact  of  will  in  nonlinear  media  is  known  in 
hydrodynamics  and  gas  dynamics.  Thus,  for  instance,  velocity  of 
propagation  of  the  sonic  of  will  in  the  nonlinear  media  depends  on 
sound  intensity  and  shock  acoustic  waves  are  formed  under  specific 
conditions  in  this  medium. 


Shock  electromagnetic  waves  in  nonlinear  transmission  lines  with 
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ferrites,  ferroelectrics  and  semiconductors  made  it  possible  to  obtain 
drops/ jumps  in  voltage/stress  (current)  with  slope/transconductance  to 
101J-1014  V/s,  This,  in  turn,  it  made  it  possible  with  the  aid  of 
the  subsequent  conversion  to  form/shape  pulses  with  the  duration  of 
less  than  the  nanosecond  with  amplitudes  of  from  tens  of  volts  to  tens 
of  kilovolts. 

Are  described  below  processes  of  formation  of  shock 
electromagnetic  waves  in  transmission  lines,  methods  of  calculating 
such  lines  are  given  and  methods  of  impulse  shaping  with  the  aid  of 
devices/equipment,  which  use  nonlinear  lines,  are  examined.  In  this 
case  primary  attention  is  given  to  the  forming  lines  with  the  ferrite, 
which  found  the  widest  use  in  the  nanosecond  technology,  especially 
with  the  impulse  shaping  of  considerable  amplitude. 

4.1.  Formation  of  shock  electromagnetic  waves  in  the  nonlinear 
transmission  lines. 

In  nonlinear  media  during  propagation  of  electromagnetic  waves 
two  mechanisms  of  formation  of  shock  electromagnetic  waves  are 
observed  in  essence.  These  mechanisms,  connected  with  the  dependence 
of  the  rate  of  propagation  of  waves  on  their  amplitude  and  with  the 
phenomenon  of  i-he  dissipation  of  energy  at  the  wave  front,  can  be 
under  specific  conditions  examined  separately.  In  connection  with 
this  let  us  first  examine  the  case  relative  to  a  slow  drop/ jump  in  the 
field. 
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Formation  of  shock  waves  at  the  relatively  low  speed  of  field  change. 


In  the  case  of  unbounded  nonlinear  nonconducting  medium 
propagation  of  plane  uniform  linearly  polarized  electromagnetic  waves 
£ = Ex (z,  /),  H  =  Hv(z,  t)  is  described  by  Maxwell's  equations,  which  in  this 
case  are  reduced  to  two  differential  equations  in  partial  first-order 
derivatives  [70] 

‘2"  =  -- B^B(H), 

oz  C  01 


Case  of  space,  filled  with  ferrite,  where 
connection/communication  between  vectors  of  electric  field  D  and  E  is 
taken  by  linear  is  here  undertaken,  and  connection/communication 
between  vectors  of  magnetic  field  B  and  H  -  nonlinear.  For 
sufficiently  slow  quasi-statices  process  the  value  of  induction  B  at 
any  point  of  space  is  uniquely  determined  by  the  strength  of  field  H 
at  this  point  at  the  same  moment  of  time. 

In  the  case  of  limited  space,  for  example  line  of  transmission, 
whose  transverse  sizes/dimensions  are  small,  equations  can  be  recorded 
in  the  form  of  two  first-order  equations  (telegraph  equations)  [70, 
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Oz  ot  • 

where  u(z,  t)  -  voltage/stress  between  wires  in  section  Z  (two-wire 
circuit) ; 

i(z,  t)  -  current  in  one  of  wires  in  the  same  section; 

Q  -  charge  per  unit  of  length  of  line; 

♦  -  electric  flux  per  unit  of  length  of  line. 

For  sufficiently  slow  processes  flow  $  is  considered  only 
function  of  current 


4>  =  <l>(t).  (4.3) 

Page  218. 

Charge  Q  is  linearly  connected  with  the  voltage/stress 

Q  =  Cu,  (4.4) 

where  C  -  capacitance  per  unit  length  of  line. 

Equations  (4.2)  are  suitable  for  case  of  heterogeneous  and 
artificial  lines,  if  values,  entering  these  equations,  are  are 
replaced  with  their  average/mean  values,  when  temporary/time  and 
three-dimensional/space  scales  i(z,  t)  and  u(z,  t)  are  much  more  than 
appropriate  scales  of  separate  component/1 ink  of  line. 

Nonlinear  equations  (4.2)-  4.4)  in  general  case  are  not  solved. 
However,  are  known  their  particular  solutions  for  the  case  of  the 
so-called  simple  waves,  when  one  of  the  unknown  values  is  the 


and  then  equations  (4.2)  will  have  solution  recorded  in  the  form  [70, 
71) 


2  =  v  (i)  t  F  (<)> 

*  =  ^i(2—  'yruif)' 


(4.6) 

(4.7) 


where  F  and  F1--  arbitrary  functions,  determined  from  the  boundary  and 
initial  conditions,  and  L(i)«d*/di  -  inductance  per  unit  of  the  length 
of  line. 


Solution  (4.6)  takes  form  of  traveling  wave  (simple  wave).  In 
simple  wave  each  point  of  its  front  moves  at  a  velocity,  which  depends 
on  the  value  of  current  at  this  point.  If  inductance  L(i)  of  line  is 
monotonically  decreasing  function  of  the  absolute  value  of  current, 
then  with  the  larger  rate  those  points  of  the  front,  where  the  current 
is  more,  will  be  propagated.  Consequently,  in  the  case  of  the 
transmission  of  pulse,  the  steepness  of  its  front  along  the  line 
grows/rises,  and  the  shear/section  of  pulse  becomes  flatter  Fig.  4.1. 
Solution  (4.7)  assumes  that  at  some  moments  of  time  the  isolated 
points  at  the  wave  front  "will  pass"  points  with  the  smaller  value  of 
current.  Solution  (4.7)  in  this  case  becomes  ambiguous  (with  t*t,  in 
fig.  4.1). 


Page  219. 
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In  actuality  this  is  impossible  and  the  ambiguity  of  solution  (4.7) 
means  that  the  solution  became  disruptive,  moreover  in  this  case  gap 
is  formed  at  the  wave  front. 

After  formation  of  flow  separation  wave  ceases  to  be  simple  - 
shock  electromagnetic  wave  appears.  Place  and  interrupting  time  is 
determined  from  solutions  (4.6)  and  (4.7).  The  moment/torque  of  gap 
I*  and  coordinate  the  points  of  discontinuity  are  determined  by  the 
equations 


(4.8) 


where  z(i,  t)  takes  form  (4.6). 

If  L(i)  -  nonmonotonic  function,  i.e.,  if  magnetic  permeability 
of  ferrite  m(H)  -  nonmonotonic  (single-valued  or  ambiguous)  function, 
then  velocity  of  propagation  of  different  points  of  pulse  depends  on 
state  of  ferrite  at  preceding/previous  moments  of  time.  In  other 
words,  the  character  of  impulse  shaping  with  its  passage  along  the 
line  will  to  a  considerable  degree  depend  on  the  selection  of  initial 
operating  point  in  the  curve  of  magnetization  (Fig.  4.2)  [71,  73].  By 
the  figure  the  hysteresis  loop  is  displaced  to  the  right,  since  the 
reference  point  of  coordinates  is  displaced  to  the  constant  value 
field  of  magnetic  biasing.  If  the  pulse  amplitude  is  so  considerable 
that  field  H  takes  the  values  more  than  value  H,,  then  shock  waves  can 
arise  both  at  the  front  and  in  the  shear/section  of  launched  pulse. 

Actually,  steepnesses  of  pulse  edge  according  to  (4.6)  and  (4.7) 
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it  grows/rises  for  its  those  sections,  where  for  ferrite  dM/dH<0,  and 
cutoff  attenuation  rate  of  pulse  will  increase,  when  d«/dH>0. 


3  (o9- 


i 


Fig.  4.1.  Strain  of  pulse  during  its  propagation  along  line. 

Page  220. 

Consequently,  at  the  pulse  edge  with  the  larger  rate  will  be 
propagated  points  in  which  current  more,  and  in  the  shear/section  of 
pulse,  on  the  contrary,  more  rapid  will  be  propagated  points  with  the 
smaller  value  of  current. 

Thus,  if  we  with  the  aid  of  constant  magnetic  biasing  of  ferrite 
fit  such  mode,  during  which  in  operating  range  of  strength  of  field  H 
dependence  of  magnetic  permeability  on  field  strength  will  have 
maximum,  then  it  is  possible  to  form  wave  with  steep  front  and 
shear/section  (Fig.  4.3). 

However,  it  is  necessary  to  have  in  mind  that  phenomenon  in 
question  occurs  until  is  retained  quasi-static  dependence  B(H) ,  which 
is  characteristic  for  microsecond  range  of  change  in  durations  of 
front  and  shear/section  of  pulse,  i.e.,  as  long  as  rate  of  change  in 
magnetic  field  H  at  front  (shear/section)  of  wave  does  not  exceed 
value  of  107-10*0e/s  [76]. 


J 
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Fig.  4.3.  Strain  of  pulse  during  propagation  along  line. 
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Mechanism  of  formation  of  shock  electromagnetic  waves  due  to 
phenomenon  of  "raid"  of  parts  of  front  examined,  which  correspond  to 
greater  instantaneous  values  of  current  (voltage/stress),  and,  by 
such,  by  shape,  increase  in  steepness  of  front  occurs,  also,  in  other 
media.  The  phenomenon  of  the  formation  of  shock  electromagnetic  waves 
is  observed,  in  particular,  in  the  nonlinear  transmission  lines  with 
the  ferroelectrics  and  the  semiconductors.  Nonlinear  element  in  the 
semiconductors  is  capacitance  of  p-n  junction. 


Formation  of  shock  electromagnetic  waves  at  high  rates  of  change  in 
the  field. 
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In  the  case  of  high  rate  of  build-up  (more  than  10 *-10  *  Oe/sl  of 
magnetic  field  with  shaping  of  front  is  disrupted  quasi-static 
dependence  B(H)  and  need  for  considering  dynamic  process  with  magnetic 
reversal  of  ferrite  appears.  Large  Paul  begins  to  play  magnetic 
viscosity  of  ferrite,  which  leads  to  energy  losses  at  the  front  of 
wave  [71,  72,  73].  Therefore  with  rapid  changes  in  the  magnetic  field 
it  is  possible  to  speak  about  the  dissipative  mechanism  of  the 
formation  of  shock  electromagnetic  waves. 

Dissipation  of  energy  at  wave  front  to  certain  degree  occurs, 
also,  with  shaping  of  shock  wave  due  to  mechanism  of  raid  at  those 
moments/torques,  when  steepness  of  front  noticeably  grows/rises. 
However,  the  phenomenon  of  the  dissipation  of  energy  in  this  case  will 
not  be  fundamental.  At  high  rates  of  change  in  the  magnetic  field  the 
phenomenon  of  dissipation  already  plays  essential  role. 

In  this  case  process  of  rapid  magnetic  reversal  of  ferrite  is 
considered.  The  connection/communication  between  the  vector 
magnetization  of  ferrite  M  and  the  operating  intensity/strength  of 
magnetic  field  ha,  is  assigned  by  the  equation  of  precession  in  the 
form  of  the  equation  of  Landau  and  Lifschitz  [70]: 

^=-T[MHal-AlM[MHjl|],  (4.9) 

where  7  “  absolute  value  of  gyromagnetic  ratio;  or  in  the  form,  which 
considers  viscous  friction,  i.e.,  in  the  form  of  the  equation  of 
Gilbert/Hilbert  [70,  71]: 
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(4.10) 
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Here  the  coefficient  of  dissipation  a  and  relaxation  frequency  X  are 
connected  with  the  relationship/ratio 

i==_l_fy\4 

or  with  the  low  values  a 


a 


X 

Pi- 


In  the  case  of  transmission  lines  with  toroidal  or  cylindrical 
ferrite  cores  process  of  magnetic  reversal  of  ferrite  at  high  rates  of 
change  in  field  is  most  correctly  described  by  model  of  heterogeneous 
precession  [73].  In  this  case  the  equation  of  relation  takes  form 
[70,  73] 


oMh _ jtjM  f.  K  \ 

01  I  +  a*'  v 


(4.9;.) 


where  m,,  -  projection  of  vector  magnetization  on  the  direction  of 
field  of  action  H: 

H  =  qt,  (4.11) 

where  q-const. 

Electric  flux  per  unit  of  length  of  line  is  equal  to 
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where  L,  -  linear  inductance  of  line  without  ferrite; 
t)  -  duty  factor  of  line  with  ferrite  (0<t)<1). 

Using  telegraph  equations  (4.2),  and  also  by  equation  (4.9a)  and 
by  relationships/ratios  (4.11)  and  (4.12),  it  is  possible  to  find 
approximate  solution  of  equations  for  nonlinear  line  [73]. 

Physical  picture  of  formation  of  shock  electromagnetic  waves  with 
rapid  magnetic  reversal  of  ferrite  approximately  can  be  represented  as 
follows. 

Page  223. 

During  the  propagation  of  pulse  along  the  nonlinear  line  in  connection 
with  the  rapid  magnetic  reversal  of  ferrite  occurs  dissipation  of 
energy  at  the  front  (energy  losses  to  heating  of  ferrite  with  the 
magnetic  reversal),  whose  relative  value  changes  with  a  change  in  the 
current  strength.  In  this  case  with  the  increase  of  the  amplitude  of 
current  in  proportion  to  the  saturation  of  ferrite  the  relative  energy 
losses  decrease  also  they  can  already  be  absent  at  the  pulse  apex.  As 
a  result  of  this  one  part  of  the  edge  of  pulse  (in  its  foundation)  as 
"is  absorbed"  more  noticeably  than  another  part  (at  the  apex/vertex), 
and,  thus,  front  becomes  steeper/more  abrupt.  The  picture  of  a  change 
in  the  pulse  during  its  transmission  along  the  line  is  shown  in  Fig. 


4.4. 
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If  duration  of  sector  of  the  front,  at  which  occurs  magnetic 
reversal  of  ferrite,  is  short  in  comparison  with  duration  of  initial 
pulse  edge,  then  this  section  can  be  considered  as  "gap",  i.e.,  as 
shock  wave,  before  front  of  which  current  i  is  equal  to  zero,  and  its 
ferrite  is  already  completely  saturated  behind  front. 

Beginning  from  certain  time  dissipation  of  energy  at  wave  front 
it  is  kept  constant,  and  form  of  front  remains  constant/invariable. 

In  this  case  wave  can  be  considered  as  stationary.  The  expressions, 
which  describe  stationary  shock  wave,  which  follow: 

i  (?)  —  /  (Vvt  —  z), 

u(l)  —  u(vvt  —  z), 

where  -  rate  of  shock  wave,  which  is  constant  and  determined  by  the 
values  of  field  on  both  sides  of  gap. 
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Fig.  4.4.  Strain  of  wave  front  due  to  losses  in  ferrite  during  its 
propagation  along  line. 

Page  224. 

Dispersive  mechanism  of  formation  of  shock  electromagnetic  waves 
is  of  essential  interest  for  nanosecond  pulse  technique  as  phenomenon, 
with  the  aid  of  which  it  is  possible  in  nonlinear  forming  lines  to 
obtain  very  steep  edges  in  current  and  voltage/stress. 

It  is  necessary  to  note  value  of  initial  intensity  of 
magnetization  of  ferrite  with  formation  of  shock  wave  front.  Changing 
value  and  sign  of  the  field  of  magnetic  biasing,  it  is  possible  to 
affect,  to  the  process  of  the  formation  of  shcck  wave,  in  particular, 
to  change  the  duration  of  its  front. 

In  the  case  of  propagation  of  strong  shock  wave  (with  which 
W*aKC>wo,  M)  duration  of  front  of  stationary  shock  wave  f# 2  is 
proportional  to  value  of  magnetic  moment  of  ferrite  M  and  it  is 


T 


3^>9 
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inversely  proportional  to  amplitude  of  magnetic  field  //MaKC  and  to 
relaxation  frequency  of  ferrite  (to  constant  X)  [70,  72]: 


.  M 


(4.13) 


Thus,  the  greater  pulse  amplitude  at  input  of  forming  line,  i.e., 
is  the  greater  field  H* aitc-  the  less  duration  of  front  can  be  obtained 
at  output  of  line.  This  property  of  the  forming  lines,  which  use  a 
phenomenon  of  shock  electromagnetic  waves,  is  very  valuable  for  the 
nanosecond  technology.  Usually  with  an  increase  in  the  pulse 
amplitude  the  duration  of  its  front  also  increases  with  other  methods 
of  the  formation  of  nanosecond  pulses  in  the  majority  of  the  cases. 


4.2.  Shock  electromagnetic  waves  in  the  transmission  lines  with  the 
lumped  parameters. 


Since  time,  for  which  is  formed/shaped  in  line  shock  wave,  cannot 
be  less  than  initial  duration  of  pulse  edge,  then  for  this  time 
considerable  distance  passes  pulse  to  transmission  line.  For 
reduction  in  the  strength  of  current  and  shortening  of  the  overall 
dimensions  of  line  it  is  expedient  to  utilize  artificial  transmission 
lines,  for  example,  in  the  form  of  nonlinear  delay  line  with  the 
lumped  parameters.  The  wave  propagation  velocity  in  such  lines  can  be 
relatively  small;  therefore  the  formation  of  shock  waves  in  the  line 
with  the  small  sizes/dimensions  is  provided. 


Page  225. 
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As  the  artificial  delay  line  can  be  undertaken  multilink  chain/network 
with  LC  by  components/1 inks  of  the  type  of  the  constant  k  (Pig.  4.5). 

Here  capacitance  of  C  -  constant  value,  and  inductance  is 
nonlinear  and  is  carried  out  in  the  form  of  inductance  coils  on 
ferrite  rings.  This  line  possesses  the  dispersion,  connected  with  the 
dependence  of  the  parameters  of  separate  components/1 inks  on  the 
frequency  (frequency  dispersion)  and  with  the  periodic  character  of  a 
change  in  the  properties  of  system  along  the  direction  of  propagation 
of  pulse  (spatial  dispersion). 

Dispersion  begins  to  be  manifested,  when  during  transmission  of 
pulse  steepness  of  its  front  grows/rises  and  it  becomes  sufficient 
large.  If  the  slope/transconductance  of  launched  pulse  at  the  input 
of  line  is  relatively  small  (dH/dt<10 ’fle/s)^  then  dispersion  in  the 
line  can  be  manifested  even  before  will  be  destroyed  assumption  about 
the  uniqueness  of  dependence  4>=$(i),  i.e.,  the  form  of  the  usual 
static  hysteresis  loop  of  ferrite  is  disrupted  before. 

But  if  steepness  of  front  of  input  pulse  is  great,  and 
consequently,  required  time  constants  of  components/1 inks  of  line  are 
very  low,  then  static  curve  of  hysteresis  loop  no  longer  occurs  and  it 
is  necessary  in  this  case  to  consider  switching  time  of  ferrite.  The 
analysis  of  processes  in  the  nonlinear  artificial  transmission  line  is 
various  for  these  two  cases. 
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Stationary  shock  electromagnetic  waves  in  a  line  with  the  small 
steepness  of  the  front  of  initial  current  taper. 

Processes,  which  occur  in  nonlinear  discrete/digital  line  during 
transmission  of  pulse,  are  described  by  nonlinear 

differential-difference  equations,  whose  general/common  investigation 
is  hindered/hampered.  However,  the  stationary  shock  electromagnetic 
waves,  which  occur  in  this  line  [74],  can  be  examined. 
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Fig.  4.5.  Artificial  delay  line  with  inductance  coils  on  ferrite 
cores. 
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The  equivalent  schematic  of  line  is  represented  in  Fig.  4.6a  The 
equation  of  the  circuit  in  question  takes  following  form  [74]. 

j  (*„+,  —  2 /„  +  dt  +  CR  (/„ +1  —  2 i„  + 

+  CR~Zt  (*«+.  ~  24*»+  *»-•>  +  7  (*«+.“  +  *«-.)  = 

=C~T,  (4.14) 

where  and  <bn  -  respectively  current  and  magnetic  flux  in  the  n 

component /link  of  line; 

C  -  capacitance  of  component/ link; 

R  -  resistor/resistance. 

Since  line  uniform,  then  C„^=C,  Rn  =  R  and  r„—  The 
investigation  of  the  steady-state  solution  of  the  form 

»•„_,(/)  */„(<  +  M) 

(where  dt  -  delay  time  of  wave  in  one  component/link  of  line)  shows 
that  formed/shaped  current  taper  is  the  function,  given  in  Fig.  4.6b 
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Fig.  4.6a.  Equivalent  schematic  of  artificial  delay  line. 


Fig.  4.6b.  Oscillogram  of  shock  wave  front. 

Page  227. 

The  current  strength  in  the  line  increases  exponentially  in  initial 
sectors  of  the  front  of  shock  wave,  while  in  the  subsequent  sections 
oscillating  it  approaches  steady-state  value  I.  With  the  high 
attenuation  instead  of  the  oscillations  there  can  be  the  aperiodic 
process  of  approaching  the  current  to  value  I.  If  dependence  $  and) 
is  approximated  by  function  <D (t)  =  p* — ,  where  /3  and  6  -  constant 
positive  coefficients,  then  it  is  possible  to  obtain  approximations 
for  the  evaluation/estimate  of  initial  sector  of  the  front  and 
frequency  of  oscillations  [74].  Initial  sector  of  the  front,  defined 
as  the  time  interval,  which  corresponds  to  the  values  of  current  from 
0.1  I  to  0.9  I,  is  rated/estimated  with  the  aid  of  formula  [74] 


'u - 0,7 ^ i  =°,7(fJ -  V'-tfC/t  ]//.  (4.15) 
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Frequency  of  oscillations 


'  (AO* 


_ L  /?;c7 


and  amplitude  of  oscillations 


(4.16) 


/*~4[exp(r^)]  '• 

It  follows  from  these  formulas  that  with  decrease  of  parameters 
of  component/1 ink  of  line  (by  decrease  of  value  At)  steepness  of  shock 
wave  front  and  frequency  of  oscillations  grow/rise. 

Thus,  with  relatively  small  steepness  of  front  of  current  taper 
at  output  of  line,  when  is  valid  static  dependence  *(i)  of  curve  of 
magnetization  of  ferrite,  significant  role  plays  spatial  dispersion  of 
artificial  transmission  line.  However,  the  time  of  the  magnetic 
reversal  of  ferrite  still  sufficiently  little  and  does  not  determine 
the  duration  of  the  front  of  formed/shaped  current  taper. 


Shock  waves  in  a  line  with  the  considerable  slope/transconductance  of 
initial  current  taper. 

Page  228. 

For  nanosecond  pulse  technique  are  of  greatest  interest  shock 
electromagnetic  waves,  which  are  formed  in  line  under  influence  of 
current  pulses  with  large  steepness  of  front,  when  rate  of  magnetic 
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reversal  of  ferrite  exceeds  lO'-lO’Oe/s. 

In  this  case  in  examination  of  processes  in  line  it  is  necessary 
to  use  dynamic  equations  of  relation,  which  consider  that  value  of 
vector  magnetization  M  at  certain  moment  of  time  is  not  determined, 
generally  speaking,  by  intensity/strength  of  magnetic  field  H  at  this 
moment.  In  this  case,  when  in  the  process  of  magnetic  reversal  is 
changed  only  the  value  (but  not  direction)  of  magnetic  field,  i.e., 
when  ferrite  it  is  not  possible  to  consider  saturated,  the  projection 
of  vector  M  on  direction  H  is  satisfactorily  described  by  equation 
[73,  75] 

(4-17> 

where  !Af">  -  projection  of  vector  magnetization  on  the 

direction  of  the  magnetic  field; 

a  -  coefficient  of  the  dissipation  of  ferrite; 

7  -  absolute  value  of  gyromagnetic  ratio; 


Magnetic  flux  is  connected  with  current  in  this  case  with 
expression 

=  (4-18) 

where  i?  -  duty  factor  of  coil  with  ferrite. 

For  determining  stationary  shock  wave  it  is  necessary  to  find 
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solution  of  differential  equation  of  transmission  line,  obtained  from 
equation  (4.14),  taking  into  account  equations  (4.17)  and  (4.18)  [75]. 
Therefore  the  solution  in  the  general  case  must  give  the  dependence  of 
shock  wave  front  both  on  the  parameters  of  ferrite  (a,  M)  and  state  of 
its  intensity  of  magnetization  and  on  the  parameters  of  the 

component/1 ink  of  line  r * 0 C  ( L 0  -  the  inductance  of  the 
component/link  of  line  at  the  saturated  ferrite). 


Let  us  give  first  solutions  for  case,  when  constant  of 
component/link  of  line  is  very  low  ro“0. 
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In  this  case  the  line  is  distributed,  since  its  discreteness  is  not 
expressed.  In  the  particular  case  the  front  of  shock  electromagnetic 
wave  will  be  by  pillar  determined  by  the  properties  of  ferrite  [73] 


where 


/, 


N 


i  +  ’• 
-‘VI  i 


i  ("O. 


(4.10) 


I  4-  IU'»» 
1.1  •I-"-'1"'.. 


.(4. -20) 


Plotted  function  F*f(m,)  is  given  in  Fig.  4.7. 

With  assigned  current  I  minimum  duration  of  front  is  determined 
by  properties  of  ferrite.  Decreasing  the  value  of  the  ratio  of 
remanence  to  the  saturization  magnetization  of  ferrite  w„  it  is 

possible  to  decrease  the  duration  of  front.  The  duration  of  front 
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proves  to  be  smallest  in  ferrites,  which  have  a  constant  o=l.  The 
coefficient  a,  which  has  value  from  0.3  to  1,  is  measured 
experimentally  and  it  can  be  calculated  from  the  expression  for  the 
switching  coefficient  of  ferrite  S„,  which  is  determined  from  JFbrmula 


[73] 


1+21 

■2r( 


in 

f  (»'„)  [>. 


Ci’K  ] , 


(4.21) 


Key:  (1) .  Ce*  sac- 

where  y  =  const—  1,76- 

Thus,  function  f(m0)  determines  dependence  of  rate  of  process  of 
magnetic  reversal  on  initial  conditions.  Actually,  switching  time 
will  depend  on  the  mobility  of  vector  magnetization  and  on  the  angle, 
to  which  it  must  additionally  turn  itself  in  order  to  prove  to  be 
parallel  to  the  affecting  field  H.  Thus,  in  the  ferrites  with  the 
right-angle  hysteresis  loop  in  the  absence  of  the  applied  field  of 
magnetic  biasing  value  m,  is  close  to  one,  since  vector  magnetization 
is  already  in  the  initial  state  little  deflected  from  the  direction, 
which  it  accepts  upon  the  saturation  of  ferrite.  With  the  high 
squareness  ratio  of  hysteresis  loop  it  is  possible  to  consider  value 
f(m,)  of  constant  for  all  ferrites,  which  have  right-angle  hysteresis 
loop,  which  work  in  the  presence  of  the  zero  magnetic  biasing,  and 
equal  to  4.5. 
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But  if  ferrite  with  the  flat  hysteresis  loop  is  utilized  or  magnetic 
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biasing  is  used,  then  value  f(m#)  can  be  determined  from  the 
graph/ curve  (Fig.  4.7).  In  the  case  of  magnetic  biasing,  changing 
value  m,  (from  -1  to  +1),  it  is  possible  to  change  the  duration  of 
shock  wave  front  almost  three  times. 

In  actuality  in  line  lumped  parameters  it  is  necessary  to 
consider  not  only  parameters  of  ferrite,  but  also  with  parameters  of 
components/ links  of  line  (t0  and  jj).  Already  it  cannot  be  considered 
that  t0  <  42.  since  the  duration  of  formed/shaped  front  42  and  value  r, 
it  is  approximately  equal  with  the  high  currents  in  the  line  (with  the 
large  steepness  of  the  pulse  edge). 

In  this  case  solution  of  initial  equations  of  line  very 
complicatedly  and  can  be  realized  either  by  grapho-analytic  method  or 
numerical  calculation.  Fig.  4.8  gives  graph/curve  .'^-=f(k),  constructed 
on  the  basis  of  the  approximate  equation,  which  occurs  in  the  case  of 
[75]  in  question: 


Mi 


•n 

Ml 


(4.22) 
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Fig.  4.7.  Plotted  function  f(m„). 
Page  231. 

Here 


a 


4*‘w*T»r?7j(l  —  t» : 
k  =,-  --All7—  • 

.11  ,r,  (I  —  m,j ' 


(4.23) 

(4.24) 


value  —  (0,4 0,33)/,,, characterizes  rise  time  of  front;  m, 
of  magnetization  of  the  saturated  ferrite.  The  parameter 
value  r0,  when  straight  line  ^  «  (2,3 •+- 3)  ~  interesects  the 
(Fig.  4.8). 


-  intensity 
d  determines 
curve  f(k) 


3?0 
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Fig.  4.8.  Dependence  T0/t,<=f(ft). 
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Thus,  with  selected  value  r0  from  graphs/curves  it  is  possible  to 
find  value  of  duration  of  pulse  edge,  formed  in  line.  This  duration 
is  here  the  function  of  the  value  of  field  (gl),  parameters  of  ferrite 
('I- »h>)  and  parameters  of  line  (rs,  rj) . 


When  duration  of  front,  formed/shaped  with  line,  becomes  close  to 
value  r0,  oscillation  appears  at  apex/vertex  of  formed/shaped 
drop/jvmp.  The  period  of  these  oscillations  T  approximately  can  be 
evaluated  according  to  the  expression 
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For  reduction  in  amplitude  of  oscillations  it  is  possible 
consecutively/serially  with  capacitance  of  component/1 ink  of  line  to 
include  resistor/resistance  (Fig.  4.6).  However,  in  the  nanosecond 
range  of  durations  this  is  difficult  to  carry  out,  without  introducing 
the  parasitic  reactive/ jet  parameters.  Therefore  the  duration  of  the 
formed/shaped  front  is  actually  limited  to  value  4.  s*  (3-^5)t0.  when  the 
value  of  oscillation  is  still  low. 

As  already  mentioned,  for  formation  of  stationary  wave  is 
required  length  of  line,  which  ensures  pulse  delay,  not  less  than 
duration  of  front  of  input  pulse.  If  the  length  of  line  is  small, 
then  shock  electromagnetic  wave  is  formed  not  on  entire  current  taper 
(Fig.  4.9a).  At  a  certain  optimum  length  of  line  shock  wave  is 
formed/shaped  on  entire  current  taper  (Fig.  4.9b).  The  rate  of  the 
formation  of  shock  wave  is  determined  by  the  parameters  of  ferrite  and 
components/ links  of  line.  The  rate  of  formation  is  more,  if  ferrite 
has  the  larger  value  of  magnetic  moment  |  M  |  and  smaller  value  of  m, . 
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Fig.  4.9.  Oscillograms  of  pulse  edge,  formed/shaped  in  line:  a)  in 
the  case  of  insufficient  quantity  of  components/ links  of  line:  b) 
with  optimum  number  of  components/1 inks;  c)  in  the  case  of  excessive 
quantity  of  components/1 inks. 

Page  233. 


Optimum  number  of  components/1 inks  of  line  can  be  determined 
according  to  formula  [73] 


«u"T— .U.M1 


Here  and  r,  -  respectively  the  duration  of  the  front  of  the 
drop/ jump  at  the  input  of  line  and  the  time  constant  of  component/1 ink 
with  the  saturated  ferrite. 


If  number  of  components/1 inks  is  great,  i.e.,  line  has 
excessively  large  length  (//>»..„ r).  then  current  strength  decreases  due 
to  energy  losses  in  process  of  passage  of  will  along  line,  and  this 
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leads  to  increase  in  duration  of  shock  wave  front  (Fig.  4.9c).  In 
this  case  it  is  possible  to  indicate  that  the  front  of  drop/jump  is 
re-formed. 

For  accelerating  formation  of  shock  wave  front  non-uniforms 
circuit  with  ferrite  can  be  utilized.  In  this  case  the  line  is 
fulfilled  in  the  form  of  components/1 inks  with  different  values  of  the 
parameters  r,  (stepped  line).  The  first  components/1 inks  have  high 
value  r0,  and  the  subsequent  finer/smaller  components/1 inks  have  all 
decreasing  values  To 

During  propagation  along  line  of  formed  shock  wave  it  is  possible 
to  introduce  concept  of  resistor/resistance  of  line  to  shock 
electromagnetic  wave: 

14'27) 

With  ijM-0  resistor/resistance  of  line  to  shock  wave  passes  into 
usual  wave  impedance  of  linear  line  of  transmission  p.  The  nonlinear 
forming  line,  in  which  is  propagated  shock  wave,  strictly  speaking, 
can  be  coordinated  with  the  load  only  on  the  resistor/resistance  to 
shock  wave.  Therefore  the  same  nonlinear  line  can  be  the  best  load. 

With  the  usual  linear  load  nonlinear  line  will  prove  to  be  mismatched 
and  the  part  of  the  energy  of  the  end/lead  of  the  line  will  be 
reflected  and  to  be  propagated  to  it  they  began.  With  the 
considerable  porosity  of  the  pulses  supplied  to  the  line  the  waves 
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reflected  manage  completely  to  damp  during  the  period  between  them. 
Page  234. 

The  presence  of  the  echo  pulses,  just  as  the  oscillations,  which  occur 
after  the  shear/section  of  pulse  with  its  large 

slope/transconductance,  determines  the  magnetic  state  of  ferrites, 
i.e.,  to  the  arrival  of  next  pulse  ferrite  has  the  specific  initial 
state.  The  presence  of  the  damped  oscillation  in  the  period  between 
the  pulses  can  lead  to  the  fact  that  a  ferrite  it  will  not  have 
initial  constant  magnetic  biasing. 

Described  phenomena  with  formation  of  steep  edges  in  current  with 
the  aid  of  nonlinear  forming  line  on  ferrites,  and  also  given 
fundamental  principles  make  it  possible  to  express  considerations 
about  selection  of  ferrite  for  such  lines. 

For  evaluation/estimate  of  ferrite  it  is  necessary  to  know 
saturation  induction  B,  =  remanent  induction  Br  (AM*  =  flr)  and 
coefficient  of  dissipation  a. 

With  a»l  duration  of  front  t &  and  optimum  number  of 
components/1 inks  of  line  n0m  are  minimum.  The  greater  the  saturation 
induction  B,  (or  m,),  the  less  the  optimum  number  of  components/ links 
of  line.  With  decrease  m0=BrIB,  the  duration  of  formed  front  4>2  and 
the  wave  impedance  of  nonlinear  line  in  other  constant  parameters  of 
ferrite  and  parameters  of  component/1 ink,  and  also  with  the  assigned 
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amplitude  of  current  increase.  However,  with  the  the  small  m,  the 
optimum  number  of  components/1  inks  'font  is  less  than  with  the  the  large 
m, ,  but  the  duration  of  front  U2  changes  insignificantly;  therefore 
it  is  expedient  to  have  values  of  mok0. 

Consequently,  ferrites  adequate/approaching  for  use  in  nonlinear 
forming  lines  it  is  possible  to  consider  such,  which  have  coefficient 
a**l,  high  value  of  saturation  flux  density  and  small  remanent 
induction  Br-  forming  line  can  be  heterogeneous,  when  at  first  line 
contains  one  type  components/1 inks,  and  at  the  end  -  another.  In  this 
case  in  the  first  components/1 inks  is  desirable  to  use  ferrites  with 
the  high  b,  and  average  value  m0 ,  while  in  the  latter/last 
(fine/small)  components/ links  to  use  ferrite  with  average  value  b«  on 
with  the  squareness  ratio,  close  to  one. 

Enumerated  characteristics  of  ferrite  must  be  stable. 

Page  235. 

Otherwise  with  the  formation  of  repetitive  pulses  with  the  large 
steepness  of  front,  for  example,  for  the  signal  generators  or  the  very 
high  speed  oscillographs  will  appear  the  noticeable  in  the  nanosecond 
range  instability  of  functioning  the  corresponding  diagrams.  In 
connection  with  this  the  operating  temperature  of  the  forming 
nonlinear  line  has  high  value. 


If  temperature  of  ferrite  is  close  to  Curie  point,  then 
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insignificant  temperature  fluctuations  can  cause  instability  of  delay 
time  of  line,  since  in  this  case  value  of  magnetic  saturation  of 
ferrite  changes. 

Power,  scattered  in  line  in  the  form  of  heat,  can  be 
rated/estimated  with  the  aid  of  formula  [78,  79] 

=  ,3F  (—-+/?/„  )  ft,  (4.28) 


Key:  (1).  W. 

where  F  -  pulse  repetition  rate,  Hz; 

R  -  resistor/resistance  of  the  wires  of  the  inductance  coils, 

ohms; 

p0  -  line  characteristic  with  the  saturated  ferrite. 

First  member  of  expression  (4.28)  determines  power,  spent  on 
magnetic  reversal  of  ferrite  and  then  scattered  in  the  form  of  heat, 
and  second  term  -  losses  to  Joule  heat. 

4.3.  Calculation  of  those  forming  lines  with  the  ferrite  filling. 

On  the  basis  of  expressions,  given  in  preceding/previous 
paragraph,  and  description  of  phenomena,  which  occur  in  forming  lines, 
filled  with  ferrite,  it  is  possible  to  present  order  of  calculation  of 
such  lines.  Let  us  examine  one  of  the  possible  versions  of  the 
calculation  of  the  forming  line  with  the  ferrite,  proposed  by  A.  M. 
Belyantsev  and  Yu.  K.  Bogatyrev  [80,  81]. 
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Initial  values  for  calculating  line  are  usually  duration  of  front 

of  current  taper  (or  voltage/stress)  t 4ll  at  input  of  line  and  duration 

of  front  t*«.  which  is  required  to  obtain  at  output,  I  -  amplitude  of 

current  of  input  drop/ jump,  />„—  load  resistance/resistor,  brand  and 

sizes/dimensions  of  ferrite  .  mean  diameter  of  ring  and  S  -  its 

A 

section).  Sometimes  the  parameters  and  the  sizes/dimensions  of 
ferrite  filling  are  already  known,  i.e.,  there  are  standard  ferrite 
rings,  for  example,  used  in  the  electronic  computers. 

Page  236. 

In  other  case  the  sizes/dimensions  of  rings  must  be  calculated 
according  to  their  obtained  space.  The  usually  following  values  are 
determined:  re  -  time  constant  of  component/1 ink,  p,  -  line 
characteristic  with  the  ferrite  magnetized  before  the  saturation,  q  - 
number  of  turns  per  unit  of  the  average/mean  length  of  ferrite  ring,  r? 
-  duty  factor,  m0  -  initial  intensity  of  magnetization  of  ferrite, 

"-"T  -  optimum  number  of  components/1  inks  of  line;  t,  -  delay  time  of 
line. 

Case  of  the  relatively  small  steepness  of  the  front  of  drop/ jump. 

Let  us  examine  first  case,  when  duration  of  formed  front  is 
noticeably  more  than  time  constant  of  component/1 ink  rB.  Minimum 
value  r,,  in  turn,  is  always  limited  by  the  finite  dimensions  of 
ferrite  rings  and  by  the  parasitic  parameters  of  the  mounting  of  line. 
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In  the  case  in  question  occurs  inequality  -„<o,2  4*  The  dispersive 
properties  of  line,  connected  with  the  discreteness  of  its  structure, 
can  be  disregarded/neglected,  in  other  words,  considered  under  this 
condition  that  the  artificial  line  is  distributed-parameter  line. 


A.  Let  us  begin  calculation  for  line  on  the  assumption  that 
sizes/dimensions  of  ferrite  ring  are  not  yet  selected.  Then  order  of 
calculation  is  the  following. 

1.  Let  us  determine  time  constant  of  cell  r  from  condition 

t„  =  |/Z£;<0,24,  (4.29) 


where  L,  -  inductance  of  component/1 ink  of  line  without  ferrite,  H; 
0,  -  capacitance  of  capacitor  of  component/1  ink,  <p. 

2.  We  find  number  of  turns  per  unit  of  average/mean  length  of 


core 


<7  = 


10  S,„  rsf/zn 
"4*  | 


» 

un  | 

*  J’ 


(4.30) 


Key :  ( 1 ) .  /^m 

where  s„  -  switching  coefficient  of  ferrite,  Oe.s,  [see  (4.21)], 
whose  value  usually  lies/rests  within  the  limits  (0.3-0. 5)  *10-‘  Ve.S. 


On  the  basis  of  expressions  (4.20)  and  (4.21)  it  is  possible 
approximately  to  record 


q  --  (•";  4  8).  10 


f  <"<„) 
1,1,2/ 


A>) 
f  sum 


CM 


(4.31) 
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3.  Let  us  calculate  space  of  doughnut  coil,  i.e.,  size/dimension 
of  ferrite  core  (taking  into  account  agreement  of  line  with  load 


. I  Q  1*^  r  3» 

d**S==l  W  I"'  !' 


(4.32) 


where  parameter  k  according  to  (4.24)  is  equal  to 

L-  Ji-.lv/ 

•‘Lid  —  »/.)* 


Here  duty  factor  with  the  dense  single-layer  coil/winding  of  coil  is 
close  to  one,  and  with  a  small  quantity  of  turns  i?= 0.3-0. 6. 

Approximately  value  tj  is  rated/estimated  with  the  aid  of 


expression 


/-U  —  (/-I  +  Li  /-a) 

i-7 


(4.33) 


where-Lx  -  inductance  of  neutral  conductor  (grounding/ground)? 

/.„  -  complete  inductance  of  component/1  ink  of  line; 

L,  -  inductance  of  supplying  ends/leads  of  coil; 

L,  -  leakage  inductance,  in  particular,  if  ferrite  partially 
fills  coil  Ls  =L„(S— S0)/S0; 

S,  -  cross-sectional  area  of  coil.  Since  the  sizes/dimensions  of 
coil  are  not  yet  known,  then  value  rj  is  taken  very  approximately. 

4.  Let  us  determine  inductance  of  doughnut  coil  without  ferrite 

core 

Lo  =  4ryd»c,.Sol0-’  f&],  (4.34) 


Key:  (1).  H. 


where  dorp  “  the  mean  diameter  of  coil,  cm; 
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5.  We  find  capacitance  of  capacitor  in  component/link  of  line 
and  line  characteristic  without  ferrite: 

C.=  -£  ($].  (4.35) 

foM].  (4.36) 

•• 

Key:  (1).  f.  (2).  ohm. 

6.  Let  us  calculate  optimum  number  of  components/1 inks  of  line 


uU,  0,1  q/  u, 

n°“T  t,  yffl.  (l-«,)  X,  • 


(4.37) 


7.  Delay  time  of  line  let  us  determine  according  to  expression 

/,  =  (1  h-  1 ,3)  /to.,,*.  / 1  +  = 

=(!-*-!, 3) /tonx-c.V^  *  +  T  (4-38) 


Key :  ( 1 ) .  s . 

8.  We  find  line  characteristic  with  ferrite 

P  =  Pi]/  1  +  [o-kJ .  (4.39) 

Key:  (1).  ohm. 

B.  Teper'  let  us  calculate  line  on  the  assumption  that  ferrite 
core  is  assigned,  i.e.,  type  and  sizes/dimensions  of  ferrite  ring  are 
given.  In  this  case  the  sequence  of  calculation  is  the  following. 
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1.  Let  us  determine  number  of  turns  per  unit  of  average/mean 
length  of  ferrite  core  (4.31) 


IU  <c  .  0  10 -‘f  (m.)  r««m  1 

q~  4«  ”/*,/“  [lirj 


Key:  (i).  +  urns/cm 


2.  We  find  inductance  of  coil  without  core  (4.34) 


Io  =  4**rf#CpS#<7M0-*  (Vwj, 


Key:  (1).  H. 


where  </oC1,  and  S,  are  approximately  taken  equal  to  rfcp  and  S,  which  are 
given  for  the  ferrite;  we  rate/estimate  duty  factor 

~ ^  (Li  4~  L,  +  L,) 
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3.  Let  us  calculate  time  constant  of  component/1 ink  of  line 


without  ferrite 


4 t/,  i  i  <^A0) 

«„m*  V  k  • 


where  parameter  k  according  to  (4.24)  is  equal  to 


AI.t)  (I  —/n,)' 


The  obtained  value  r,  must  be  not  more  than  o,2  4i.  it  is  otherwise 
necessary  to  select  another  core  (smaller  size/dimension). 
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4.  Let  us  determine  capacitance  of  component /link  and  line 
characteristic  without  ferrite: 

o 


5.  We  will  obtain  optimum  number  of  components/ links  in  line 
(4.37) 

^OltT  - 


6.  We  find  delay  time  of  line  (4.38) 


/,  =  (1  -j-  1 ,3)  nt0  1  -f- 


to-w.i) (!-/«,)  |i  -  M 


<// 


Key :  ( 1 ) .  s . 


and  it  is  checked  line  characteristic  with  ferrite  (4.39) 


P»  ^3  _  D 

~~7,  ~—Ku- 

,lon* 


In  the  case  of  ferrites  with  right-angle  hysteresis  loop  another 
procedure  of  calculation  [72]  can  be  used.  However,  the  method  in 
this  case  examined  is  applicable.  Here  during  calculations  it  is 
necessary  to  propose  f(m,)»4.5  what  is  real  for  the  majority  of  the 
ferrites,  which  have  right-angle  hysteresis  loop. 


Example  of  calculation  of  forming  lina  with  ferrite.  It  is 
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necessary  to  design  the  forming  line  for  obtaining  for  its  output  of 
current  taper  (voltage/stress),  whose  front  must  have  a  duration  of  2 
ns  in  the  absence  of  oscillations  on  the  apex/vertex. 

Page  240. 

Initial  current  taper  by  value  10  a  has  a  duration  of  front  40  ns. 

Line  must  be  loaded  to  the  resistor/resistance  of  7s  ohms. 

Let  there  be  ferrite  rings  of  type  VT-7  with  outer  diameter  of  3 
nun.  This  ferrite  has  data  ««*i,  m0~ 0,9.  Mt**  170  and  f(m0)  it  is  possible 
to  take  as  equal  to  4.5.  Ferrite  ring  with  an  outer  diameter  of  3  mm 
and  an  inside  diameter  of  2  mm  has  dip=0,25  cm  and  S«=10*2  cm2. 

Since  sizes/dimensions  of  ferrite  are  already  given,  then 
calculation  must  be  conducted  accordingly  version,  presented  in 
section  "B". 


1.  We  find  number  of  turns  per  unit  of  average/mean  length  of 
coil  q  through  formula  (4.31) 

„__c  10---4.5  f0('>  , 

2~I0-M0  =  1 8  eum/CM, 

Key:  (1).  turns/cm. 

then  in  all  turns  on  the  core 

N  =  q*dep=  18.3,14-0,25  =  14  %m. 


Key :  ( 1 ) .  -fc 


Ur  . 


) 
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2.  We  find  inductance  of  coil  L,  let  us  calculate  from  formula 
(4.34): 

I0  ==  40 -0,25  •  10  - » •  3,25  •  10M0~9  =  32,5  •  10 -» 

Key:  (1).  H. 

Since  core  is  tightly  filled  with  turns,  then  it  is  possible  to 
place  duty  factor  with  equal  to  i}=0.8. 


3.  Let  us  determine  parameter  k  according  to  formula  (4.24)  and 
time  constant  of  component/1 ink  of  line  without  ferrite  (4.40): 


b _  0*  *  ‘  10  _ o  59 

170-0,9.0,2  ~ 

.-»?&/  1  +  ra=6.7''°'“ 


Key :  ( 1 ) .  s . 


Since  it  proves  to  be  that  x,«0,2/*„  then  calculation  is  continued. 

4.  We  find  capacitance  of  component/1 ink  C,  and  line 
characteristic  without  ferrite  p,  through  formulas  (4.35)  and  (4.36): 

^  45-I0-"  ,,t« 

c. .  m-,  "=  14  tup. 


32,5-10- 
_  32,5-10-* 
?0  0.7- 10“  *• 


—  48,5  ^om. 


Key:  (1).  pF.  (2).  ohm. 
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5.  Let  us  determine  number  of  components/1 inks  in  line  according 


to  formula  (4.37) 
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6.  Delay  time  of  line  t,  we  will  obtain  according  to  formula 
(4.38) 

/,=  1,2.35-0,7 •  10-10-]/ 1  +  -  —  43  Ween. 


Key :  ( 1 ) .  ns . 


7.  It  is  checked  value  of  line  characteristic  with  ferrite 
according  to  formula  (4.39) 

P  - 48,5.]/ 1  -|-  -A-  75,2%. 


Key:  (1).  ohm. 

Case  of  the  large  steepness  of  front. 

When  duration  of  formed  front  is  approximately  equal  to  smallest 
possible  time  constant  of  component/1 ink  rt  it  is  necessary  to 
consider  discrete/digital  structure  of  line.  This  case  occurs  with 
shaping  of  the  drop/jump  with  the  minimum  duration  of  front,  i.e., 
with  its  maximum  slope/transconductance.  If  the  switch  time  of 
ferrite  makes  it  possible  to  obtain  the  required  steepness  of  front, 
it  is  necessary  to  select  the  time  constant  of  the  component/link  r, 
of  minimum.  For  this  it  is  necessary  to  take  ferrite  rings  with  the 
minimal  sizes,  and  the  mounting  of  line  must  be  carried  out  with  the 
smallest  parasitic  parameters.  In  these  cases  it  is  possible  to 
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obtain  the  smallest  constant  value  of  time  r0f  which  proves  to  be 
order  0.1  ns. 

In  this  case  calculation  of  line  can  be  conducted  as  follows 
[81].  First  with  the  aid  of  the  curve  of  Fig.  4.10b  we  select  the 

constant  value  of  the  time  of  component/link  r0,  on  the  basis  of  the 

of  front  at  output  of  line  and  of  permissible  nonuniformity  of 

assigned  to  duration- apex/vertex  (value  of  oscillations)  of  shaped 

A 

pulse,  characterized  by  relation  L,  where  /Mai;c  -  amplitude  of 
oscillations. 

Page  242. 

The  duty  factor  tj  of  coil  with  ferrite  is  selected  tentatively  and  we 
more  precisely  formulate  subsequently.  We  further  determine  the 
dimensionless  parameter  « 

&  =  4 ^  ( 1  -  ml )  t,  -  2 Uf ( 1  -  )  X 

XfbnjZ-  (4.41) 

w 

and  the  value  of  relation  t0/th,  where  *u=--t*J2,5-+ 

Then  with  the  aid  of  curves  xt/xa=f(k)  (Fig.  4.8)  we  find 
parameter  k,  which  corresponds  to  point  of  intersection  with  straight 
line  %/t„  =  const  with  dependence  tjxu=f(k),  constructed  for  this  value  0. 
Knowing  k,  it  is  possible  to  determine  then  a  quantity  of  turns  per 
unit  of  the  average/mean  length  of  the  coil 

_  M,n  (1  —  m,)  fe  (4.42) 

q~~  0.1/  |  cm  r 


Key:  (1). 


Key:  (1).  H 


1 
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Fig.  4.10.  Dependences  ~  =  \ (*)(«)  and  **»/%  =  ? (/»//j  (b) . 
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Then,  as  during  calculation  of  line,  given  for  case  of  "A"  of 
this  paragraph,  we  find  following  values: 


^  =  77. 


11  on 


/»  —  2/tonTtt/  1  +  1/fe, 
p  =  p4k/ 1  -f-l/fe. 


Period  of  available  on  apex/vertex  oscillations  of  oscillations 
can  be  found  from  expression  (4.25).  Fig.  4.10a  gives  graph/curve 
r,/T»f(k),  with  the  aid  of  which  can  be  found  period  of  oscillations  T 
from  the  already  known  r,  and  k.  Fig.  4.10b  gives  graph/curve 
MftffC  //),  where  /** ue-  -  maximum  amplitude  of  oscillation. 


Let  us  examine  calculation  of  forming  line  when  type  and 
sizes/dimensions  of  ferrite  ring  are  already  assigned.  In  this  case 

I 

i 
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it  is  first  necessary  to  assign  an  exemplary /approximate  quantity  of 
turns  per  unit  of  the  average/mean  length  of  coil,  on  the  basis  of  the 
formula 


and  to  further  determine  the  inductance  of  coil  L0  according  to 
formula  (4.34).  On  the  basis  of  the  sizes/dimensions  of  core  and 
number  of  turns  of  coil  N=qndcr>,  we  are  assigned  by  value  rj  and  find 
parameter  k 

*  = _ *!«/ _ 

M.t)  (I  —  /«,) 


Then  we  determine  parameter 

/l  =  4nAfsi)'f 


In  assigned  duration  of  front  of  drop/jump  on  output  of  line  we 


find 
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It  is  further  necessary  to  fit  constant  value  of  time  of 
component/1  ink  r,.  For  this,  using  graph/curve  %,«„-—/<*)  and  straight 
line  *«/■*,,  =. const  (Fig.  4.8),  we  find  this  value  of  the  parameter  0«At#, 
in  which  straight/direct  x«/‘cn const  and  curved  graph/curve  x„/t„  j(k) 
they  will  be  crossed  at  the  point,  which  corresponds  to  value  of  k 
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obtained  earlier.  The  matching  condition  of  line  with  the  load 

—  7?„  (1  -f-  \jk)  l,_ 

is  checked  after  thisi 

Then  according  to  formulas  given  above  are  determined  values 

Po>  ^ out  and  t  j  • 

Let  us  examine  example  of  calculation  of  line,  intended  for 
obtaining  on  its  output  of  current  taper  with  large  steepness  of 
front,  when  duration  of  front  t,V2  is  commensurate  with  time  constant 
of  component/ link  r0. 

Assume  drop/jump  in  voltage/stress  with  front  with  duration  of 
0.4  ns  is  required  to  obtain  50  ohms  on  load.  The  nonuniformity  of 
apex/vertex  must  not  exceed  10%,  i.e.,  =  0,1.  At  the  input  current 

taper  is  assigned  by  value  30  a  for  the  duration  of  front  /u„  =  i5  ns. 

A  ferrite  core  of  the  type  F-600  has  m0=0,57,  Afs=280  g,  S„,=3-io7  0e*sec. 

1.  Through  curve  of  Fig.  4.10b  we  find  time  constant 

t>.  =  1.3-  1 0  ' s . 


2.  Assuming/setting  tj»0.8,  we  determine  according  to  (4.41) 
parameter 

»  6,28  •  280  •  0,8  •  f.  •  (1  -  0,32)  •  =,-2.1. 


3.  We  obtain  value  of  relation  where  /4,,/2.5: 
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t.  1.3.10-“-2.S  n  co 
t7=  '  '4-i0-««  =0,82. 


4.  With  the  aid  of  curves  of  Pig.  4.8  on  G  and  T0,r„  we  find 


k«0.65. 


5.  We  determine  number  of  turns  per  unit  of  average/mean  length 
of  coil  according  to  formula  (4.42) 

2X00,8.0. 43-0.05  ^„m 

’0.1-30  •"  (jt- 

Key:  (1). 
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6.  We  design  size/dimension  of  core 


dr-l,S 


1,3-  io-  "’  50-  io' 


'  / 1  H„;!70'0w  «’• 


whence  it  follows  that  it  is  possible  to  take  standard  core  with  mean 
diameter  of  ring  0  mm  Then  the  number  of  turns  in  the  coil 


.q.r.(ln,  2,1  -3.14  0,0  =.  4  mutt. 


Key:  (1).  -f  u.rr\s/Chr\ 


7.  We  further  determine  values  L0 ,  c0.  p0,  p,  n„nT,  /3  according  to 


formulas,  given  above: 


L„  40-4, -1  •(>,(). 0,04- 10  "  4,2- in-”  %, 

,,  f.7-]o- 50  .  (4) 

C«'  4  'lV' 

,  .  '.2J0-  _ 

U  '  '  I.3-KI-"  "  ’ 

:>-']/  1  +  -  oO,')  no  ((M/. 

nr-  15- HI-*  _ (v; 

W..HT  -  n,w-|  -j.  -- />'»  3ncni.vn, 

i.ji>-i,:M0  ijn %’k. 
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Key:  (1).  H.  (2).  pF.  (3).  ohm.  (4).  components/1 inks.  (5). 

ns. 


8.  Period  of  oscillations  at  apex/vertex  is  determined  on  curve 
fig.  4.10a  and  by  already  found  r,  and  k;  we  find  T=4.3»10'1*  s. 

4.4.  COAXIAL  FORMING  LINE  WITH  THE  FERRITE  FILLING. 

If  we  conduct  calculations  for  different  types  of  ferrites,  then 
it  follows  of  them  that  in  forming  lines  in  the  form  of  multilink 
artificial  line  it  is  possible  to  form/shape  current  tapers  from  ones 
to  thousands  of  amperes.  In  this  case  the  duration  of  the  front  of 
the'  formed  drop/jump  can  be  from  the  units  of  nanoseconds  to  0.1  ns. 
Further  decrease  of  the  duration  of  front  is  hindered/hampered  due  to 
the  discrete/digital  properties  of  this  line. 

Drops/ jumps  in  voltage/stress  (current)  with  large  steepness  of 
front  in  the  absence  of  oscillations  on  apex/vertex  can  be  obtained  in 
distributed  forming  lines. 

Page  246. 

Construction/design  of  coaxial  line  with  ferrite  filling  is  most 
advisable  construction/design.  Fig.  4.11  gives  diagrammatic 
representation  of  the  coaxial  forming  line  with  the  ferrite  filling. 

!  Are  here  ferrite  rings  arranged/located  on  the  center  conductor.  The 
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external  surface  of  rings  is  isolated  by  dielectric  (teflon, 
polyethylene)  from  the  external  cylindrical  conductor  (copper 
braid/cover  of  the  type  of  the  external  braid/cover  of  coaxial 
cables) . 

Since  standard  ferrite  rings  encompass  only  one  center  conductor 
with  current  I,  then  for  creation  of  necessary  value  of  field  H  high 
current,  which  reaches  hundred  amperes,  is  required.  Furthermore,  in 
contrast  to  the  artificial  forming  lines  the  geometric  length  of 
coaxial  line  proves  to  be  very  considerable  (from  several  meters  to 
several  ten  meters). 

Since  between  rings  of  ferrite  is  air  gap,  then  ionization  of  air 
is  created  with  high  voltages  and  to  insulation  of  line  considerable 
voltage/stress  proves  to  be  applied  that  it  is  possible  to  lead  to 
breakdown  of  line.  Therefore  the  actual  limitation  of  the  maximum 
steepness  of  the  front  of  the  formed/shaped  drop/ jump  in  the 
voltage/stress  (current)  can  begin  not  due  to  the  properties  of 
ferrite,  the  switching  time  of  which  decreases  with  an  increase  in 
magnetic  field  H,  but  due  to  the  disturbance/breakdown  of  dielectric 
strength  of  system.  Therefore  coaxial  line  sometimes  is  immersed  in 
the  container  with  the  transformer  oil. 


) 
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Fig.  4.11.  Diagrammatic  representation  of  construction/design  of 
coaxial  forming  line  with  filling  from  ferrite  rings. 

Key:  (1).  Polyethylene.  (2).  Conductor.  (3).  Ferrite. 


Page  247. 

Duration  of  front  of  drop/ jump,  formed/shaped  in  coaxial  line 
with  thin  layer  of  ferrite,  in  essence  will  be  determined  by  magnetic 
field  strength,  created  by  initial  current  taper,  and  by  relaxation 
properties  of  ferrite  [78].  This  duration  can  be  evaluated  with  the 
aid  of  expression  (4.19): 

2af  / /  ^  <”•>’ 


Therefore  during  calculation  of  coaxial  forming  line  first 
according  to  assigned  duration  of  front  t and  current  I  it  is 
expedient  to  determine  sizes/dimensions  of  ferrite  ring  [80] 

dx  -f  dt  =•-  0,8  ~  0,8 /*,/  /  (m.),  (4.43) 

where  d ,  and  dx  -  outside  and  inside  diameters  of  ferrite  ring. 


Considering  that  value  o  for  most  adequate/approaching  ferrites 
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lies/rests  within  limits  of  0.3-1,  it  is  possible  to  record 

+  0.9+ 1,4).  10*^  [cm]. 


Knowing  sizes/dimensions  of  ring  (dt  and  f{,),  we  determine 


diameter  of  external  wire 


</,  =  </, +2/i  Ml, 


where  h  -  thickness  of  the  layer  of  insulation  between  ferrite  and 
external  conductor  of  line,  which  is  found  from  condition  of 


dielectric  strength  of  dielectric 


h  ^  1*2.  mi 


where  £„  -  voltage  of  dielectric  breakdown. 
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Matching  condition  of  forming  line  with  load  is  determined  by 


expression 


l+VU!  (!-/»,)  (</,+,/,)  0,1!/' 


where  ex  and  ea  -  respectively  relative  dielectric  constant  of 
insulating  layer  and  ferrite;  tj  -  duty  factor,  which  characterizes 
leakage  flux,  whose  value  is  approximately  equal  to 


<7o  —  </| 

T/3“/7* 


y 
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If  left  side  of  equality  (4.44)  differs  from  right  not  more  than 
by  10-15%,  then  with  accuracy  sufficient  for  practice  matching 
condition  of  line  with  load  is  considered  carried  out.  In  the  case  of 
large  disagreement  it  is  necessary  to  assign  to  new  values  d a  and  d,, 
when  equality  (4.43)  remains  valid  and  to  again  conduct  calculations. 

After  ensuring  equality  (4.44),  we  determine  length  of  forming 
line  0 

+  U})  '  (4‘45> 


where  L  and  C  -  respectively  inductance  and  capacitance  of  coaxial 
line  per  unit  of  lengths  in  the  absence  of  ferrite,  which  are 
connected  with  dependence 


i 

V  LC 


3-  Id" 

v  «.ir 


.  In  -v-+1 


i  ^ 2 

In  — 


In  ./,  (I, 


i/J 


Calculations  show  that  for  impulse  shaping  of  voltage/stress  with 
amplitude  of  5  kV  (on  load  of  50  ohms)  and  duration  of  front  of  about 
1  ns  with  initial  current  taper  I»100  a  with  duration  of  front  of  50 
ns  line  with  rings  of  ferrite  of  type  $-1000  has  length  of 
approximately  10  m  [79]. 

Low  permissible  repetition  frequency  of  formed/shaped  pulses  is 
deficiency  in  all  forming  lines  with  ferrite  (to  100  kHz).  At  the 
high  repetition  frequency  in  the  ferrite  is  isolated  the  considerable 
heat,  which  raises  its  temperature,  which  deranges  of  line. 


DOC  «  88076714 


40% 

PAGE  143 


Table  4.1  gives  averaged  parameters  of  ferrites:  h0  -  coercive 
force,  Br  “  remanent  induction,  relation  =  Ma  -  magnetic  moment 
of  saturation,  s„,  -  switching  coefficient,  rh  -  values  of  Curie  points 
[82]. 

Page  249. 

4.5.  SPECIFIC  CHARACTER  OF  OBTAINING  SHOCK  ELECTROMAGNETIC  WAVES  IN 
THE  LINES  WITH  THE  FERROELECTRICS  AND  THE  SEMICONDUCTORS. 

It  was  above  noted  that  mechanism  of  formation  of  shock 
electromagnetic  waves  in  lines  with  ferrite  filling  was  valid  and  in 
the  case  of  formation  of  shock  waves  in  lines  with  f erroelectrics  and 
semiconductors. 

In  the  case  of  forming  lines  with  ferrite  it  is  possible  to 
obtain  drops/ jumps  in  volta^e/stress  with  steep  front  and  considerable 
amplitude  on  low-resistance  load.  Obtaining  steep  edges  in  the 
voltage/stress  on  the  high- impedance  load  proves  to  be  possible  with 
the  aid  of  the  shock  electromagnetic  waves,  which  are  formed  in  the 
lines  with  the  f erroelectrics. 
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Key:  (1).  Type  of  ferrate.  (2).  ...08.  (3). 
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Fig.  4.12.  Artificial  delay  line  on  capacitors  with  ferroelectric. 
Page  250. 

Here  as  forming  line  is  utilized  artificial  delay  line,  which 
consists  of  components/ links ,  which  contain  coil  of  constant 
inductance  Land  nonlinear  capacitance  C(u),  in  the  form  of  capacitors 
with  ferroelectric  (Fig.  4.12).  The  dependence  of  capacitance  value 
of  these  capacitors  from  the  voltage/stress  is  connected  with  the  fact 
that  the  dielectric  constant  of  ferroelectric  is  the  function  of 
electric  intensity  e»f(E)  (such  capacitors  are  called  variconds). 


During  transmission  of  wave  along  this  line  its  propagation 
velocity  grows/rises  with  increase  in  wave  amplitude,  since  value  of 
dielectric  constant  falls  from  increase  in  modulus /module  of  strength 
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of  field  E.  Therefore  just  as  in  the  line  with  the  ferrite,  during 
the  propagation  of  pulse  along  the  line  with  the  ferroelectric  the 
steepness  of  the  pulse  edge  grovs/rises  also  under  specific  conditions 
can  arise  shock  wave. 

Steepness  of  edge  of  formed/shaped  pulse  is  limited  both  due  to 
finite  time  of  relaxation  processes  in  ferroelectric  (finite  time  of 
switching)  and  due  to  dispersive  properties  of  multilink  transmission 
line,  i.e.,  due  to  finite  value  of  time  constant  t,. 

Relaxation  time  for  some  f erroelectrics  proves  to  be  order  of 
nanosecond  with  strength  of  field  E  of  approximately  hundred  of 
kilovolts  to  centimeter.  This  fact  impedes  the  application  of  lines 
with  the  f erroelectrics  for  the  formation  of  nanosecond  pulses.  With 
the  work  with  very  high  voltage  usually  the  breakdown  in  the  line 
begins  earlier  than  it  is  possible  to  form  the  pulse  edge  by  the 
duration  of  the  order  of  nanosecond.  However,  location  line  into  the 
container  with  the  transformer  oil  at  a  high  hydrostatic  pressure 
complicates  the  construction/design  of  system.  However,  under  the 
usual  conditions  it  is  possible  to  obtain  drops/ jumps  in  the 
voltage/stress  with  the  front  by  duration  into  several  nanoseconds. 

The  permissible  pulse  repetition  rate  in  this  line  reaches  tens  of 
kilohertz. 

Application  6f  forming  lines  with  semiconductors  is  more 
promising.  This  line  is  fulfilled  in  the  form  of  the  artificial  delay 
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line,  which  consists  of  the  components/1 inks  with  the  constant 
inductance  L  and  a  nonlinear  capacitance  of  C(u)  in  the  form  of 
semiconductor  diodes  (Fig.  4.13)  [83]. 

Page  251. 

It  is  known  that  in  transition  layers  of  semiconductors  static 
differential  capacitance  changes  with  change  in  value  of  applied 
external  voltage.  Therefore  in  each  component/1 ink  of  line  is 
included/switched  on  semiconductor  diode  with  the  expressed  nonlinear 
capacitance  (such  diodes  are  occasionally  referred  to  as  varicaps). 

The  existing  at  present  semiconductor  diodes  with  the  noticeable 
nonlinear  capacitance  make  it  possible  to  obtain  in  the  line  shock 
electromagnetic  waves  with  a  duration  of  front  of  approximately  one 
nanosecond  with  the  voltage/stress  of  the  transmitted  pulses  in  all 
into  10-30 V.  In  the  case  of  applying  the  semiconductor  materials 
with  the  appropriate  admixtures/impurities  is  possible  obtaining  the 
diodes,  which  make  it  possible  to  form/shape  in  the  line  shock  waves 
with  the  front  with  duration  into  the  hundredths  of  nanosecond.  Lines 
with  the  semiconductors  make  it  possible  to  transmit  pulses  with  the 
repetition  frequency  to  10  MHz  (but  in  the  lines  with  the  ferrite 
approximately  to  100  kHz). 

If  we  compare  method  of  formation  of  steep  edges  in  current  and 
voltage/stress  with  the  aid  of  shock  electromagnetic  waves  with  other 
known  methods  (in  diagrams  with  vacuum  lamps,  thyratrons  and  in 
simplest  circuits  with  nonlinear  parameters),  then  it  is  possible  to 
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note  that  with  the  aid  of  shock  waves  are  obtained  drops/jumps  with 
slope/transconductance,  greater  approximately  to  two  orders,  than  with 
other  methods. 

4.6.  METHODS  OF  OBTAINING  THE  PULSES  FROM  STEEP  EDGES  IN  THE  CURRENT 
AND  VOLTAGE/STRESS. 

After  obtaining  with  the  aid  of  nonlinear  line  steep  edges  in 
current  (voltage/stress),  it  is  possible  then  by  usual  methods  to  form 
pulse  with  very  steep  front  and  shear/section.  The  minimum  duration 
of  this  pulse  (at  level  0.5  of  amplitude)  proves  to  be  equal  to  the 
duration  of  shock  wave  front. 
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Fig.  4.13.  Artificial  delay  line  on  semiconductors. 

Page  252. 

• 

Since  duration  of  drop/ jump,  obtained  at  output  of  nonlinear 
line,  is  always  final,  but  its  apex/vertex  is  not  flat/plane,  but  it 
is  characterized  by  certain  decay,  then  it  is  necessary  to  examine  " 
drop/ jump  in  voltage/stress  in  the  form  of  pulse,  whose  form  is 
depicted  in  Fig.  4.14a. 

As  it  was  already  examined  in  Chapter  3,  for  formation  of 
nanosecond  pulse  with  very  steep  front  it  is  possible  to  accumulate 
two  comparatively  prolonged  steep-sided  pulses,  but  with 
voltages/stresses  of  different  polarity  (Fig.  4.14b).  for  obtaining 
the  pulse  with  the  form,  close  to  the  rectangular,  it  is  necessary  to 
utilize  a  small  initial  part  of  launched  pulses.  Then  decay  in  the 
apex/vertex  of  shaped  pulse  is  very  small,  i.e.  ^ 

For  formation  of  nanosecond  steep-sided  pulse  and  by 
shear/section  it  is  possible  to  utilize  short-circuited  section  of 
coaxial  line.  Then  one  nonlinear  line,  which  creates  drop/jump  with 
the  steep  front,  is  required. 
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Fig.  4.14.  Oscillograms  of  waves  with  impulse  shaping  from  shock 
electromagnetic  waves:  a)  pulse  from  one  line;  b)  pulses  from  two 
lines;  c)  resulting  pulse. 

Page  253. 

In  the  case  of  two  identical  nonlinear  lines  the  required  pulse  can  be 
obtained  by  addition  on  the  total  load  of  two  steep  edges,  mixed  in 
the  time  relative  to  each  other  to  the  duration  of  formed/shaped  pulse 
In  the  second  case  it  is  possible  to  form  the  pulse  of  any 
polarity. 

Application  of  line  with  the  short-circuited  section. 

In  the  case  of  use  for  impulse  shaping  of  short-circuited  section 
of  line  T-shaped  coupling  of  coaxial  lines  of  transmission  is  used 
(tee).  In  this  case  it  is  necessary  to  fit  the  wave  impedance  of  its 
separate  sections  (Fig.  4.15).  Let  the  shock  wave  enter  arm  A,  whose  ^ 
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wave  impedance  •  Arm  B  is  the  short-circuited  section  with  a 
resistor/resistance  of  arm  B  -  output  section  of  tee,  its  wave 
impedance  p,r  Xt  is  necessary  so  to  fit  the  wave  impedance  of  sections 
so  that  the  wave  reflected  from  the  short  circuit  would  compensate 
wave  in  section  B,  i.e. 

_  P,t  P/i 
P/>  p.i  +  ht ' 


On  input  of  section  A  drop/jump  in  voltage/stress  is  supplied 
from  load  of  nonlinear  forming  line  (for  example,  artificial  line  from 
L,  C  of  components/1 inks ) .  This  load,  coordinated  with  the  wave 
impedance  to  nonlinear  line  with  the  ferrite,  can  be  the  wave 
impedance  of  section  A.  In  another  version  very  section  A  of  tee  can 
it  is  the  nonlinear  coaxial  forming  line,  filled  with  ferrite. 
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Fig.  4.15.  Forming  line  in  the  form  of  coaxial  tee. 
Key :  ( 1 ) .  input .  ( 2 ) .  output . 


Page  254. 


Then,  if  pulse  duration  at  input  of  tee  (in  section  A)  is  more 
than  doubled  electrical  length  of  short-circuited  section  then  at 
output  of  section  B  is  formed/shaped  pulse  with  duration  durations 
of  front  and  shear/section  of  which  are  equal  to  duration  of  shock 
wave  front. 


Since  input  pulse  has  certain  decay  in  apex/vertex,  then  small 
overshoot  will  appear  after  superposition  in  section  B  after 
shear/section  of  obtained  pulse,  since  amplitudes  of  straight  line  and 
reflected  of  pulses  are  somewhat  different.  During  the  guarantee  of 
condition 1  the  amplitude  of  this  overshoot  is  very  small.  The 
amplitude  of  output  pulse  is  determined  by  the  expression 

{^BblX  —  ^BX  j  0  ”1"  Pfl/P.l)’ 

where  t/HS  -  pulse  amplitude  at  the  input  of  section  A. 

It  is  necessary  to  have  in  mind  that  at  point  0  of  tee  appears 
wave  reflected,  which  is  propagated  in  direction  of  input  of  tee. 

This  wave,  after  proving  to  be  in  the  nonlinear  forming  line,  can 
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affect  the  value  of  the  initial  magnetic  state  of  ferrite. 

Application  of  two  nonlinear  forming  lines. 

It  is  sometimes  necessary  to  obtain  pulse  of  any  polarity  and 
continuously  adjustable  duration.  In  these  cases  it  is  expedient  to 
utilize  two  nonlinear  forming  lines,  in  which  are  formed  identical 
stationary  shock  waves.  The  pulse  of  different  polarity  from  both 
lines  comes  the  total  load.  Pulse  initial  for  both  nonlinear  lines 
can  be  undertaken  from  one  generator  (Fig.  4.16),  to  which  the  lines 
are  connected  in  parallel. 
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Fig.  4.16.  Pulse-shaping  circuit  vith  the  aid  of  two  coaxial  lines 
with  ferrite  filling. 

Page  255. 

In  this  case  one  of  the  line  (for  example,  the  coaxial  line, 
convoluted  into  the  spiral)  is  connected  so  that  the  pulse  from  its 
output  has  polarity  opposite  to  the  pulse,  obtained  from  another  line 
(Fig.  4.16). 

Necessary  in  time  shift/shear  of  pulses  at  outputs  of  nonlinear 
lines  can  be  achieved/reached  either  via  delay  of  launched  pulse 
before  it  it  will  enter  input  of  one  of  nonlinear  lines  or  via 
constant  magnetic  biasing  of  ferrite,  which  fills  line. 

Delay  time  per  unit  of  length  of  line  with  ferrite  can  be 
determined  according  to  formula 

/a9  =  /(*ci  (4.46) 

where  ncp  -  average/mean  magnetic  permeability  of  ferrite,  which  is 
changed  under  different  initial  conditions  of  its  intensity  of 
magnetization. 
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Due  to  direct  current  of  magnetic  biasing  changes  value  Hcj.  and, 
therefore,  delay  time  t,«.  Depending  on  the  length  of  line,  using 
standard  ferrite  rings  with  the  right-angle  hysteresis  loop,  it  is 
possible  to  change  delay  within  considerable  limits.  Thus,  in  the 
coaxial  line  with  the  length  of  20  m  delay  can  smoothly  change  to  the 
value  to  100  ns. 

However,  application  of  magnetic  biasing  of  ferrite  can  be  reason 
for  certain  instability  of  temporary  situation  of  front  of  one 
drop/jump  relative  to  another,  which  will  cause  temporary/time 
instability  of  pulse,  ^fhe  position  of  initial  operating  point  on  the 
hysteresis  loop  of  ferrite  can  fluctuate,  and  consequently,  will 
fluctuate  and  the  moment/torque  of  the  formation  of  shock  wave,  and 
alsq  to  a  certain  extent  and  the  steepness  of  its  front. 

Pulse-shaping  circuit  with  two  lines  is  generally  to  larger 
degree  subjected  to  unstable  in  operating  time,  than  diagram  with 
short-circuited  section.  The  fact  is  that  the  magnetic  modes  of 
ferrites  in  two  lines  can  be  at  the  separate  moments  of  time  somewhat 
different.  As  a  result  appears  the  fluctuation  of  the  moment  of 
operation  (formation  of  the  wave  front)  of  diagram  at  front  and 
shear/section  of  pulse.  Instability  in  the  case  of  applying  the 
coaxial  forming  lines,  which  work  with  the  high  currents,  which  lead 
to  an  increase  in  the  temperature  of  ferrite,  is  especially 
noticeable. 
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In  all  pulse-shaping  circuits  use  of  nonlinear  lines  it  is 
necessary  to  consider  with  possibility  of  onset  of  waves  in 
insufficiently  matched  sections  of  transmission  lines  reflected. 

Multiple  traversal  of  the  echo  pulses  along  the  nonlinear  line, 
especially  with  their  considerable  amplitude,  noticeably  changes  the 
initial  magnetic  state  of  ferrite,  i.e.,  changes  the  time  of  its  delay 
and  increases  the  probability  of  the  unstable  work  of  the  entire 
diagram  of  formation.  Therefore  to  the  quality  of  the  agreement  of 
nonlinear  line  it  is  necessary  to  focus  proper  attention. 

Oscillator  circuits  with  the  nonlinear  forming  lines. 

Fig.  4.17  gives  one  of  possible  schematics  of  construction  of 
generator  of  nanosecond  pulses  with  nonlinear  forming  line  on  ferrites 
[9].  Diagram  contains  start-up  stages  Llf  L2,  circuits  for  internal 
and  external  synchronization,  the  cascade/stage  of  the  formation  of 
initial  current  difference  L,  (on  thyratron  TGI1-35/3),  the  forming 
line  with  the  ferrite,  and  dual  coaxial  tee. 

Start-up  stages  shape  trigger  pulse  of  thyratron  diagram.  The 
steepness  of  front  and  the  amplitude  of  trigger  pulse  must  be 
sufficient  for  guaranteeing  the  stable  starting/launching  of 
thyratron.  With  the  triggering/opening  of  thyratron  reservoir 
capacitor  C,  charged/loaded  to  the  voltage/stress  3  kV,  is  discharged 
through  the  thyratron  and  the  circuit,  which  contains  the  forming  line^ 
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on  the  ferrites.  The  value  of  current  pulse  can  be  regulated  with  the 
aid  of  resistor/resistance  of  Kl. 

Current  pulse  of  discharge  with  initial  duration  of  front  of 
about  12  ns  with  passage  along  nonlinear  forming  line  causes  in  it 
formation  of  shock  wave,  duration  of  front  of  which  0.8-1  ns 
(depending  on  strength  of  current  of  launched  pulse). 

Nonlinear  line  is  carried  out  in  the  form  of  artificial  delay 
line  with  constant  capacitance  of  component/1 ink,  equal  to  15  pF. 
Inductance  coils  are  wound  on  the  ferrite  rings  of  the  type  VT-6  with 
an  outside  diameter  of  1  mm.  The  number  of  turns  of  coil  is  equal  to 


12. 


DOC  *  88076715 


PAGE 


4422 


Page  257. 


Fig.  4.17.  Oscillator  circuit  of  nanosecond  pulses  with  nonlinear 
forming  line. 

Key:  (1).  kV.  (2).  Output  of  synchronizing  pulses.  (3).  Output. 

Page  258. 

Line  contains  50  components/1 inks.  Line  characteristic  with  the 
ferrite  equally  to  75  ohms.  On  termination  of  line  is  formed  voltage 
difference  with  an  amplitude  of  1-1.6  kV  (depending  on  the  strength  of 
current  of  launched  pulse)  and  the  steepness  of  the  front 
10 1 *-2 . 5* 10 * J  V/s. 

With  maximum  current  in  forming  line  output  drop/ jump  has  at 
apex/vertex  oscillation,  which  is  about  15%  of  amplitude  of  drop/jump. 

3 
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With  reduction  in  current  it  is  possible  to  decrease  oscillation  to 
the  insignificant  value.  For  decreasing  the  parasitic  parameters  of 
the  components/1 inks  of  its  forming  line  they  fulfill  the  form  of 
brass  (silver-plated)  plate  with  the  cylindrical  openings/apertures 
and  the  thin  gashes  on  the  edges  (Fig.  4.18).  Cylindrical  rods  are 
placed  in  the  openings/apertures,  and  between  these  rods  and  bore 
surfaces  runs  dielectric  film  made  from  polytetraf luoroethylene  or 
polyethylene  with  a  thickness  of  0.1-0. 2  mm.  Cylindrical  capacitors 
for  the  components/1 inks  of  line  are  thus  formed.  Between  each  of  the 
capacitors  (distance  between  centers  of  which  is  5  mm)  coils  are 
arranged/located  on  the  ferrite  rings.  The  length  of  the  ends/leads 
of  the  coils,  soldered  to  the  rods  of  capacitors,  is  not  more  than  2 
.mm.  This  construction/design  makes  it  possible  to  obtain  the  time 
constant  r,  of  component/1 ink  without  ferrite  (or  with  the  saturated 
ferrite)  on  the  order  of  0.1-0. 2  ns.  Coaxial  pairs  are  assembled  at 
the  ends/leads  of  the  line  or  coaxial  cable  is  installed.  With  the 
work  with  the  increased  voltage/stress  the  line  can  be  placed  into  the 
container  with  the  transformer  oil. 

Voltage  difference  from  forming  line  on  ferrites  enters  through 
coaxial  cable  to  coaxial  tee. 
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Fig.  4.18.  Form  of  partially  mounted  forming  line  with  ferrite  VT-6. 
Page  259. 

In  the  case  of  using  only  one  tee  with  short-circuited  stub  it  is 
possible  to  form  the  pulse  of  the  desired  duration  (not  less  than  the 
duration  of  shock  wave  front)  by  changing  the  length  of  loop.  If  it 
is  necessary  to  form  the  pulse,  whose  duration  is  less  than  the 
duration  of  shock  wave  front,  then  it  is  necessary  to  use  two  tees. 

The  electrical  length  of  the  loop  of  the  first  tee  must  be  less  than 
half  of  the  duration  of  shock  wave  front  4.  But  the  electrical  length 
of  the  second  loop  must  be  still  less.  Using  two  tees,  it  is  possible 
in  this  diagram  to  obtain  a  bell-shaped  pulse  with  a  duration  of  0.2- 
0.3- ns  (at  the  level  of  0.5  amplitude  values)  with  the  amplitude 
200-300  V. 

For  guaranteeing  stable  starting/launching  of  other  diagrams  or 
high-speed/high-velocity  oscillograph,  with  the  aid  of  which  is 
observed  obtained  pulse,  in  generator  is  provided  output  of 
synchronizing  pulse.  This  pulse  is  removed/taken  from  the  winding  of 
the  ferrite  ring,  within  which  will  pass  the  wire,  which  passes 
current  pulse  from  the  thyratron  diagram  to  the  nonlinear  forming 
line.  In  this  way  removed  the  effect  of  the  possible  instability  of 
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functioning  thyratron.  Delay  time  of  the  forming  line  25  ns.  The 
stability  of  functioning  the  forming  line  (stability  of  delay  time)  is 
not  worse  than  0.01  ns  [9]. 

Fig.  4.19  gives  oscillator  circuit,  high-voltage  nanosecond 
pulses,  in  which  are  used  two  nonlinear  coaxial  forming  lines  [72). 
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Fig.  4.19.  Oscillator  circuit  with  two  nonlinear  forming  lines. 

Key :  ( 1 ) .  output . 

Page  260. 

Here  initial  current  pulse  is  formed/shaped  with  the  thyratron 
diagram,  noncritical  to  the  value  of  load,  with  two  coaxial  charge 
lines  l i  and  With  the  triggering/opening  of  thyratron  as  a  result 

of  the  discharge  of  lines  and  to  the  input  of  the  forming 
coaxial  lines  with  the  ferrite  filling  and  i4  enters  initial 
current  taper.  The  nonlinear  forming  line  (convoluted  into  the 
spiral)  is  simultaneously  coaxial  phase  inverter. 

At  output  of  lines  /,  and  l4  are  added  two  voltage  gradients  of 
different  polarity.  As  a  result  of  what  on  termination  (cable  with 
the  matched  load)  is  formed/shaped  the  voltage  pulse  with  the  steep 
front  and  the  shear/section.  The  delay  time  of  one  of  the  lines  is 
selected  less  to  value  t„  and  shock  wave  from  the  output  of  this  line 
enters  the  load  earlier.  The  part  of  the  current  of  this  wave  will  be 
isolated  on  the  load,  while  part  will  pass  into  the  second  line. 
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forming  in  the  latter  the  shock  wave,  which  is  propagated  towards  the 
shock  wave  of  the  second  line.  In  the  second  line  the  addition  of 
these  waves  occurs.  As  a  result  through  the  time  interval  after 
pulse  arrival  on  the  load  from  the  first  line  enters  the  pulse,  also, 
from  the  second  line  of  the  same,  the  value,  but  the  opposite 
polarity.  The  appearance  of  a  pulse  from  the  second  line  causes  the 
formation  of  the  shear/section  of  the  output  pulse,  removed  from  the 
load. 

For  obtaining  initial  current  taper  application  of  'diagram  of 
formation,  noncritical  to  value  load  (described  in  Chapter  3)  provides 
the  necessary  agreement  of  the  forming  lines  with  the  thyratron 
diagram.  The  wave  impedance  of  the  forming  lines  /,  and  iA  in  the 
absence  of  the  intensity  of  magnetization  of  ferrite  p0  is  selected 
equal  to  the  wave  impedance  of  the  charge  lines  l x  and  l2  of  thyratron 
diagram.  Therefore  all  waves  reflected,  which  appear  at  the 
ends/leads  of  the  forming  lines  in  load,  are  passed  into  the  charge 
lines  and  they  are  further  extinguished  by  matched  impedances  /?c=p„. 

Continuously  variable  control  of  duration  of  output  pulse  is 
achieved  by  change  in  delay  time  of  forming  lines.  For  changing  the 
delay  time,  the  circuit  of  magnetic  biasing  is  provided.  The  current 
of  magnetic  biasing  from  potentiometer  R  comes  the  input  of  lines. 

Page  261. 

The  strength  of  current  of  the  magnetic  biasing  of  ferrites  of  one 
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line  relative  to  current  in  another  is  changed  by  a  change  in  the 
position  of  the  wiper  of  potentiometer  R  to  one  side  or  the  other.  As 
a  result  change  the  delays  of  lines ,  and  consequently,  the  pulse 
duration  and  its  polarity  on  termination  can  be  changed. 

Coaxial  forming  line  is  filled  with  ferrite  rings  of  type  VT-6 
with  outside  diameter  of  1  mm.  In  each  line  a  difference  in  the 
voltage  of  5  kV  for  a  duration  of  1  ns  is  formed/shaped.  The  length 
of  each  line  is  25  m.  Changing  the  strength  of  current  of  magnetic 
biasing  (from  0.5  to  1.4a),  it  is  possible  to  ensure  a  change  in  the 
delay  of  line  to  ±50  ns.  The  duration  of  output  pulse  (at  level  0.5 
of  amplitude)  is  regulated  in  the  limits  of  1-100  ns.  Permissible 
pulse  repetition  rate  to  1  kHz.  The  stability  of  the  temporary 
situation  of  pulse  is  not  worse  than  the  tenths  of  nanosecond. 
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Page  262. 
Chapter  Five. 


PULSING  IN  RC-CIRCUITS  WITH  FEEDBACK. 


Formation  of  steep  edges  in  voltage/stress  is  one  of  central 
problems  of  pulse  technique.  For  the  solution  of  this  problem  in  the 
pulse  technique  of  microsecond  range  are  used  relaxation  oscillators: 
multivibrators,  start-up  circuits,  blocking  oscillators  and  other 
devices/equipment,  which  are  positive-feedback  circuits.  In  such 
diagrams  two  different  electrical  modes  or  two  different  states  of 
equilibrium  occur.  Transition/junction  from  one  state  to  another, 
caused  by  external  forces  or  action  of  internal  reasons,  is  completed 
in  them  so/such  rapidly,  that  in  the  vibration  theory  these 
transitions/junctions  were  called  jumps,  and  oscillations  themselves  - 
relaxation  oscillations  [84]. 

Concept  of  relaxation  oscillations  in  connection  with  relaxation 
oscillators  (subsequently  those  briefly  called  relaxation 
oscillators),  fruitfully  utilized  in  vibration  theory,  cannot  be 
accepted  in  nanosecond  pulse  technique,  since  it  does  not  answer  most 
important  for  it  question  about  transit  time  of  relaxation  oscillator 
from  one  state  of  equilibrium  into  another.  In  order  to  determine 
this  time,  called  switch  time,  it  is  necessary  to  consider  the  effect 
of  the  low  parameters  of  circuit  of  relaxation  oscillator  -  stray 
capacitances,  and  sometimes  also  stray  inductances,  i.e.  to  consider 
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the  effect  of  precisely  those  elements,  which  does  not  take  into 
consideration  the  disruptive  vibration  theory. 

Page  263. 

It  is  natural  that  account  of  effect  of  low  parameters 
substantially  complicates  determination  of  switch  time  of  relaxation 
oscillators,  and  therefore  for  simplification  in  problem  they  assume 
that  into  switchings  relaxation  oscillator  is  linear  amplifier, 
included  by  positive  feedback.  The  account  of  the  nonlinear 
properties  of  the  tube  of  relaxation  oscillator  in  the  process  of  its 
switching  does  not  give  any  new  qualitative  results;  moreover, 
virtually  the  results  of  this  investigation  are  depreciated  by  the 
unavoidable  spread  of  the  parameters  of  tubes  and  parts  [2,  85-87]. 

These  facts  served  as  reason  for  fact  that  nonlinear  by  their 
nature  pulse  generators  in  nanosecond  pulse  technique  are  considered 
as  piecewise-linear  systems,  i.e.,  systems,  whose  phase  space  consists 
of  several  fields;  in  each  of  such  fields  behavior  of  system  it  is 
described  by  linear  equations.  The  problem  of  the  formation  of  pulse 
oscillations  in  the  nanosecond  pulse  technique  is  actually  the  problem 
of  conversion.  After  considering  that  the  relaxation  oscillator  is 
piecewise-linear  system,  it  can  consider  the  process  of  the  formation 
of  pulse  oscillation  as  the  totality  of  the  linear  transformations, 
completed  above  the  input  oscillation  in  the  separate  regions  of  phase 


space. 


DOC  *  88076715 


PAGE 


These  conversions  are  linear  integral  transforms.  The  integral 
character  of  conversions  is  caused  by  the  limitedness  of  the  passband 
of  the  devices/equipment,  which  realize  a  conversion.  Specifically, 
the  limitation  of  the  passband  of  linear  system  is  the  reason  for  the 
final  duration  of  the  process  of  the  transition/ junction  of  relaxation 
oscillator  from  one  state  to  another.  Because  of  this  the 
avalanche-like  process  of  switching  relaxation  oscillator  is  completed 
although  sufficiently  rapidly,  not  instantly.  Since  from  the  point  of 
view  of  nanosecond  pulse  technique  in  the  work  of  relaxation 
oscillator  there  is  greatest  interest  in  the  precisely  avalanche-like 
process  of  transition/ junction  from  one  state  of  equilibrium  to 
another,  it  is  expedient  to  begin  the  examination  of  the  work  of 
relaxation  oscillator  precisely  from  this  question. 

Page  264. 

5.1.  AVALANCHE- LIKE  PROCESSES  IN  RELAXATION  OSCILLATORS. 

Let  us  define  operator  of  conversion  as  linear  integral  operator 

t 

II 

where  A  -  symbol  of  operator; 

u,(t)  -  converted  oscillation; 

K(t)  -  transient  response  of  converter. 

In  contrast  to  generally  accepted  fold  of  Riemann,  fold  of 
Stieltjes  is  here  used.  The  application  of  Stieltjes'  integral  frees 
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function  K(t)  from  the  need  for  being  differentiated,  which  is  very 
valuable  when  K(t)  is  discontinuous  function.  Another  advantage  of 
the  fold  of  Stieltjes  is  the  fact  that  it  does  not  require  the 
introduction  of  special  conversion  diagram  -  pulse  transient  function, 
being  limited  only  to  transient  response. 

Linearized  relaxation  oscillator  is  quadrupole  with  feedback,  at 
input  of  which  operates  converted  oscillation  u»(t),  and  at  output  - 
converted  oscillation  u(t),  as  shown  in  Fig.  5.1.  Voltage/stress  u(t) 
is  removed/taken  from  the  output  terminals  and  again  is  supplied  to 
the  input  for  the  conversion. 

Fig.  5.1  depicts  consecutive  application  of  voltage  of  feedback 
into  input  circuit  of  relaxation  oscillator.  In  practice  together 
with  series  circuit  widely  is  used  the  parallel  diagram  of  supply.  It 
is  easy  to  show  that  the  parallel  diagram  of  supply  can  be  brought  to 
the  consecutive.  For  this  purpose  let  us  turn  to  Fig.  5.2.  Fig.  5.2a 
depicts  the  parallel  diagram  of  supply  to  feedback  into  input  circuit, 
while  in  Fig.  5.2b  -  the  equivalent  diagram  of  input  circuit.  Here 
St  -  emf  of  the  source  of  the  converted  oscillation?  #i  -  its  internal 
resistor/resistance;  @K  ~  equivalent  emf.  of  K-circuit;  rk  - 
output  resistance;  rk0  -  input  resistance  of  K-circuit. 


its 
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Fig.  5.1.  Block  diagram  of  relaxation  oscillator  with  consecutive 
feedback. 

Key:  (1).  K-circuit. 

Page  265. 

Since  K-circuit  is  nonautonomous  quadrupole,  then  its  equivalent  emf 
is  caused  by  the  action  of  voltage/stress  on  its  input.  In  steady 
state  of  emf  it  is  equal  to  the  product  of  voltage  on  the  input  of 
K-circuit  on  its  transmission  factor. 


Let  us  determine  voltage/stress,  which  operates  at  input  of 
K-circuit.  This  voltage/stress  is  equal  to  the  sum  of  the  currents, 
developed  by  electromotive  forces  and  &K  in  resistor/resistance 
Rk0  .  multiplied  by  the  value  of  this  resistor/resistance.  After 
producing  the  necessary  computations,  let  us  find  that  the  voltage  on 
the  input  of  K-circuit  will  be  determined  as  follows; 


where 


uBX  =  a.fla  +  p3k  , 


rkr 


A ‘'A  0 


R/^Ri  +  RkRko  +  RiR/^o  ' 


V~Rk.Ri 


RiR  a 


AO 


+  *K«#co  +  RtRici 


AO 


Let  us  designate  u0  =  a<g0,  u  —  [ WK- 
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Value  u,  is  voltage/stress,  which  operates  at  input  of  K-circuit 
and  developed  by  sour  e  S„  and  u  -  voltage/stress  of  feedback,  which 
operates  in  the  same  section. 

Resulting  voltage  on  input  of  K-circuit 

H»xlO  =  «»(*)  +  “  (0.  (5.1) 

where  for  parallel  diagram  u,(t)  and  u(t)  they  are  defined  in  the 
manner  that’  it  was  indicated  earlier,  and  for  consecutive  -  these 
voltages/stresses  present  converted  oscillation  and  output 
oscillation. 
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Fig  5.2.  Block  diagram  of  relaxation  oscillator  with  parallel 
feedback  (a)  and  equivalent  diagram  of  input  circuit  (b) . 

Key:  (1).  K-circuit. 

Page  266. 

On  the  basis  of  expression  (5.1)  via  simple  translation  the  parallel 
diagram  of  application  of  voltage  it  is  possible  to  lead  to  the 
consecutive. 


Let  us  designate  through  K(t)  transient  response  of  K-circuit, 


then 


« (0  =$«»*('-*)<*  W  (5-2) 

0 


Output  voltage/stress  is  to  roll  of  voltage/stress,  which 

operates  at  input  of  K-circuit  and  transient  response.  Substituting 

(5.2)  and  (5.1),  we  obtain  the  integral  equation  of  Volterra  of  the 

2nd  order:  t 

uBX  ( t )  -  $«„  it  -  5)  dK  (5)  =  u,  {t),  (5.3) 


solution  of  which  let  us  record  in  the  form  of  the  series/row  of 
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Neumann-Liouville: 


where 


uax  (0  —  ^  Wn-|(0. 
/>-=  1 


t 

n 


there  is  the  oscillation,  which  completed  (n-l)-th  circulation  on 
internal  circuit  of  relaxation  oscillator,  and  K1"'*1  (0  -  iterated 
transient  response  of  K-circuit: 

K'(t)=K(t), 

t 

Wn  -  ''(0  =  jKi”  - 1 *1  (t  —  l)  dK  («). 

o 


Subsequently  we  will  write/record  expression  for  transient 
response  of  K-circuit  of  relaxation  oscillator  in  the  form 
K(t)=K0M(t),  where  K0  -  maximum  value,  and  M(t)  - 

standardized/normalized  transient  response,  swing  M(t)=l.  In  this 
case 

/CiB-‘i(0 Min-‘J(/). 


Page  267. 

Solution  of  integral  equation  can  be  also  represented  in  the  form 

u„(t)  =  §u,(t-i)dl\  (l),  (5.4) 

0 

where  i*v (/).  -  resolvent  [6],  which  let  us  record  as 
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rt(0=£^r,A,ln",,(<)-  (5'5) 

n-=l 

Assuming/setting  in  (5.4)  u,(t)»l(t),  we  obtain,  that  resolvent 
of  integral  equation  is  transient  response  of  relaxation  oscillator, 
in  reference  to  its  input,  i.e.  voltage/stress,  which  appears  at  input 
of  relaxation  oscillator  in  the  case,  when  from  without  is  supplied 
single  voltage  gradient: 

A„(/)  =  £  «(0-  (5-6) 


As  it  follows  from  this  expression,  voltage  on  input  of 
relaxation  oscillator  is  composed  from  infinite  number  of  components. 
First  of  them  is  a  single  voltage  gradient,  supplied  to  the  input  of 
relaxation  oscillator  [when  n=i  M,0|(0  =  MO].  and  all  subsequent  are 
recurrent  voltage/stress.  In  turn,  recurrent  voltage/stress  consists 
of  the  infinite  number  of  iterated  transient  responses  of  K-circuit. 

It  is  known  from  theory  of  integral  equations  that  series/row 
(5.6)  converges  regularly  on  t,  if  derivative  M' (t)  is  final  [88]. 

Let  us  assume  that  swing  K,M,(t)  =  »',  then  for  the  iterated  transient 
responses  of  K-circuit  we  will  have  the  following 
evaluat ions/est imates : 
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■A 

TV’ 


I 

Kl  M‘s>  (0 <  Jm1'1 «  - 1)  M'  (5) di<(^r, 

0 

/ 

K]  MW  (/)  <  j  MW  (/_  \)  M'  (?)  d\  < (-^ . 

II 

1 

Kl  AH  “i  (/)  <  jAH" -•!(/  _E)  M'  (?)  d\ 


Page  268. 


These  inequalities  mean  that  iterated  transient  responses  of 
K-circuit  of  relaxation  oscillator  not  with  what  n  and  t  will  exceed 
in  their  change  in  value  (v0"/«! 


Let  us  name/call  expressions,  which  are  in  right  side  of 
inequality,  maximum  iterated  transient  responses  of  K-circuit  and  will 
designate  them  through  /(„(/),  then 


Let  us  determine,  with  what  values  of  effective  time  lag  of 
oscillation  tar.  maximum  transient  responses  reach  single,  level,  for 
which  let  us  solve  equation 

~i rr—  ’ 

whence  we  will  obtain 

Un  =  -\-V 


Let  us  assume  that  »>=10*  Hz.  (As  it  will  be 
v—  J-  there  is  a  quality  of  tube  in  the  diagram). 


shown  further, 
Then  the  time, 
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spent  by  the  iterated  transient  response  for  achievement  of  single 
level,  is  1.00  ns  for  n*l;  1.41  ns  -  for  n=2;  1.82  ns  -  for  n*3;  2.21 
ns  -  for  n=4;  2.63  ns  -  for  n*5  and  so  forth. 

Maximum  iterated  transient  responses  reach  single  level  faster, 
the  lower  index  of  iteration. 

A 

As  it  follows  of  aforesaid  earlier,  K^t)  is  transient  response 

A 

of  K-circuit  of  relaxation  oscillator,  K,(t)  -  transient  response  of 

A 

two  series-connected  K-circuits,  K,(t)  -  transient  response  of  three 
series-connected  circuits,  etc. 

Page  269. 

Value  shows,  to  what  period  delays  pulse  right-angled  oscillation 
with  passage  of  one,  two,  three  and  more  than  once  on  K-circuit  of 
relaxation  oscillator.  The  greater  the  number  of  circulations 
oscillation  completed,  the  later  it  reaches  fixed  level,  in  particular 
single  level. 

Effective  time  lag  of  oscillation,  which  passes  to  K-circuit,  is 
caused  by  fact  that  reaction  rate  of  K-circuit  to  effect  of  form  of 
unit  function  is  final  on  condition.  The  presence  of  this  time  lag  is 
explained,  why  the  sum  of  the  infinite  number  of  iterated  transient 
responses  of  K-circuit,  which  generates  the  transient  response  of 
relaxation  oscillator,  in  reference  to  its  input  circuit,  is  finite. 
Each  subsequent  component  of  voltage  on  the  input  of  relaxation 
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oscillator  appears  somewhat  later  than  preceding/previous;  in  this 
case  at  the  initial  moments  of  time  the  intensity  of  components  with 
the  large  numbers  immeasurably  lower  than  intensity  of  components  with 
the  small  numbers. 

Obviously,  this  fact  has  vital  importance  during  solution  of 
question  about  rate  of  increase  of  transient  response  of  relaxation 
oscillator  and  time  of  its  switching.  "The  greater  the  time  of 
effective  time  lag,  the  more  slowly  the  grid  voltage  of  tube  increases 
and  the  greater  the  switch  time. 

Let  us  introduce  maximum  transient  response  of  relaxation 
oscillator 

4(/)=vi(  0- 

“1 


After  substituting  into  this  expression  value  K„(l),  we  will 
obtain 

^nx  (0  —  •  (5-7) 

Maximum  transient  response  of  relaxation  oscillator,  in  reference 
to  circuit  of  grid  (5.7),  makes  following  sense.  This  characteristic 
shows,  how  there  can  be  the  maximum  value  of  grid  voltage  of  the  first 
tube  of  relaxation  oscillator  at  any  moment  of  time  during  the 
supplying  to  its  input  of  a  single  voltage  gradient  in  the  linear 
system,  the  maximum  speed  of  the  reaction  of  internal  circuit  of  which 


4V/ 
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is  limited  by  value  v. 

Page  270. 

No  real  transient  response  of  relaxation  oscillator  can  increase  more 
rapidly  than  maximum  transient  response. 

As  is  known,  process  of  transit  ion/ junction  of  relaxation 
oscillator  from  one  state  of  equilibrium  into  another  is 
avalanche-like  [36].  Equation  (5.7)  expresses  the  maximum  law  of 
avalanche-like  process.  It  is  easy  to  see  that  in  the  limiting  case 
in  question  the  function  and  all  its  derivatives  at  any  moment  of  time 
have  identical  sign.  The  process,  described  by  function  e*  in  the 
natural  science  is  called  the  process  of  organic  increase/growth.  The 
process  of  organic  increase/growth  -  this  is  such  process,  during 
which  rate  of  change  in  any  value  is  proportional  to  the  most  changing 
value.  At  the  initial  moments  of  the  time,  when  the  changing  value  is 
low,  its  change  is  completed  with  the  low  speed;  with  an  increase  in 
the  changing  value  grows/rises  the  rate,  with  which  occurs  this 
increase.  This  property  of  the  processes  of  organic  increase/growth 
has  vital  importance  for  the  evaluation  of  the  role  of  avalanche-like 
process  in  the  formation  of  the  front  of  the  pulse  oscillations, 
developed  by  relaxation  oscillators. 

Absolute  value  of  voltage/stress,  attained  up  to  any  moment  of 
time  on  grid  of  tube  of  relaxation  oscillator,  depends  on  value  of 
very  moment  of  time  and  on  value  of  quality  of  tube  v.  In  the  last 
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decade  the  quality  of  tubes  increased  in  all  several  times,  whereas 
the  duration  of  operating  pulses  decreased  to  more  than  thousands  of 
times.  After  considering  that  value  i»t,  (where  tx  -  time,  during 
which  actively  it  is  utilized  avalanche-like  process)  for  the 
relaxation  oscillators  of  nanosecond  range  1000  times  less  than  for 
the  relaxation  oscillators  of  microsecond  range,  we  will  obtain  that 
in  the  microsecond  range  the  effectiveness  of  the  use  of  an  avalanche¬ 
like  process  is  e1###  times  more  than  in  the  nanosecond  pulse 
technique.  In  the  majority  of  the  schematics  of  microsecond  pulse 
generators  the  time,  occupied  by  avalanche-like  process,  is  so/such 
small,  that  it  can  be  disregarded/neglected  in  comparison  with  the 
time  of  the  charge  of  output  capacitance,  which  determines  the 
duration  of  the  pulse  edge.  In  other  words,  in  many  diagrams  of 
microsecond  range  the  switch  time  of  current  in  the  tube  can  be 
considered  equal  to  zero. 

Page  271. 

In  the  diagrams  of  nanosecond  range  in  view  of  the  low  effectiveness 
of  avalanche-like  process  the  switch  time  of  relaxation  oscillators  is 
relatively  more  in  the  sense  of  its  portion  in  entire  time  of  shaping 
of  the  pulse  edge. 

In  nanosecond  relaxation  oscillators  use  of  avalanche-  like 
processes  is  very  frequently  ineffective,  and  therefore  in  many 
instances  for  obtaining  steep-sided  pulses  are  used  diagrams,  in  which 
avalanche-like  processes  are  absent,  for  example  amplifier-limiters 
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and  recirculators.  In  order  to  determine  the  role  of  avalanche-like 
processes  in  the  diagrams  of  nanosecond  relaxation  oscillators,  let  us 
produce  the  following  calculations. 

We  will  call  relaxation  oscillator  I  those  relaxation 
oscillators,  whose  transient  response  takes  form  e”',  and  by  relaxation 
oscillator  II  relaxation  oscillators,  which  have  unlimited  transient 
response,  for  example  characteristic  of  form  ch  vt.  It  is  obvious 
that  with  any  t  ev'>ch vt.  Then  we  record 

^PeJiancaTop  I  I  ^Pe.uaKcaTop  II 

I  A„x(0  =  chv/. 

Key:  (1).  Relaxation  oscillator  .... 

Under  actual  conditions  input  voltage  cannot  take  form  of  unit 
function.  In  the  first  approximation,  it  is  possible  to  consider  that 
the  voltage  on  the  input  changes  according  to  the  linear  law 


In  this  case  voltage  on  input  of  K-circuit  taking  into  account 
action  of  feedback  will  be  located  with  the  aid  of  fold 


„(I  —  E)d.-W*). 


Substituting  in  this  expression  of  value  for  u„(t)  and  A,x’{t)  and 


producing  necessary  computations,  we  obtain 
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«bx  (0  =  -7-  (e’‘ —  1)  aBX(/)  =  -fshv/.  (5.8) 


Page  272. 

In  order  to  rate/estimate  gain,  attained  due  to  introduction  to 
positive  feedback,  we  will  use  value 

«„(/)  * 


which  can  be  represented  in  the  form 

/  \  e*  —  I 

?,(*)  = -7- 


9,  W : 


sh  x 


where  x=vt  -  dimensionless  time. 

Plotted  function  <p(x)  is  given  in  Fig.  5.3.  Its  examination 
makes  it  possible  to  draw  a  number  of  conclusions  relative  to  the 
effectiveness  of  avalanche-like  processes  in  the  relaxation 
oscillators,  which  work  in  the  nanosecond  range. 

It  is  obvious  that  application  of  positive  feedback  is  little 
effective,  if  given  by  it  gain  in  value  of  voltage  on  input  of 
relaxation  oscillator  comprises  less  than  50%. 


) 
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(Let  us  note  that  with  this  increase  in  the  grid  voltage  of  tube  the 
gain  in  the  decrease  of  the  duration  of  the  pulse  edge  at  the  output 
will  be  considerably  smaller  percentage).  For  relaxation  oscillator 
to  this  I  section  of  curve  corresponds  x^O.85.  Let  us  accept  value  v 
of  the  equal  to  10*  Hz.  Then  to  the  value  x  indicated  will  correspond 
time  t^O.85  ns.  This  time  can  be  named  the  time  lag  of  feedback  in 
the  relaxation  oscillator. 

Gain,  attained  in  increase  in  grid  voltage  of  tube  of  relaxation 
oscillator  at  fixed/recorded  t,  is  defined  by  value  v,  which  is,  as  it 
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was  already  said  to  re,  by  quality  of  tube  in  diagram  of  relaxation 
oscillator.  With  p=10*  Hz  and  t=l  ns  in  an  increase  in  the  grid 
voltage  for  relaxation  oscillator  I  will  be  1.7,  and  at  t=l  us  this 
gain  reaches  e**J.  The  character  of  the  process  of  organic 
increase/growth  in  the  nanosecond  and  microsecond  ranges  is  this 
greatly  distinguished. 


5.2.  SWITCHING  TIME  OF  RELAXATION  OSCILLATORS. 

Let  us  turn  now  directly  to  determination  of  switch  time  of 
relaxation  oscillators.  By  switch  time  of  relaxation  oscillator  is 
understood  the  time,  during  which  the  relaxation  oscillator  passes  of 
one  state  of  electrical  equilibrium  into  another,  for  example  from  the 
state,  when  tube  is  completely  opened  and  through  it  flows  current  I,, 
to  the  state,  when  tube  is  closed  and  the  current  through  it  is  equal 
to  zero.  Let  us  assume  that  the  drop/ jump  between  the  states 
indicated  is  realized  when  grid  voltage  of  the  first  tube  of 
relaxation  oscillator  changes  to  value  E0,  called  subsequently  the 
solution/opening  of  grid  characteristic.  If  in  the  diagram  of 
relaxation  oscillator  feedback  was  absent,  then  during  the  supplying 
to  its  input  of  linearly  increasing  voltage/stress  switch  time  would 
be  equal  to  t0  (Fig.  5.4).  Under  such  conditions  work,  in  particular, 
limiters.  In  the  presence  of  feedback  and  caused  by  it  avalanche-like 
increase  of  grid  voltage  of  the  first  tube  of  relaxation  oscillator, 
the  switch  time  decreases  to  value  ta.  The  essential  shortening  of 
switch  time,  attained  due  to  the  introduction  to  feedback,  served  as 
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the  reason  for  the  wide  use  of  such  diagrams  in  the  pulse  technique  of 
microsecond  range. 


where  x,*vt0. 
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Fig.  5.4.  Determination  of  switch  time  of  relaxation  oscillator. 
Page  275. 

Fig.  5.5  depicts  plotted  functions  0(xo)  for  relaxation 
oscillators  I  and  II.  They  show,  as  decreases  the  switch  time  of 
relaxation  oscillator  as  a  result  of  the  introduction  to  positive 
feedback.  Assuming/setting  i>=const,  it  is  possible  to  consider  that 
along  the  axis  of  abscissas  is  plotted  time  t0.  In  particular,  in 
v=10*  Hz  to  point  x0=l  correspond  t0=l  ns. 

Graphs/curves  show  that  effective  decrease  of  switch  time  tn 
occurs  only  if  time  t0  is  sufficiently  great.  However,  gain  in  the 
switch  time,  attained  due  to  the  introduction  to  feedback,  is  small 
for  the  majority  of  the  diagrams  of  nanosecond  range  of  sizes.  (This 
concerns  only  the  latter/last  cascodes  of  the  diagrams,  where  to  the 
conversion  are  subject  the  pulses  of  nanosecond  duration). 
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Fig.  5.5.  Dependence  of  relative  switch  time  t„  of  relaxation 
oscillator  on  value  ta,  which  characterizes  quality  of  tube. 


Page  276. 

It  is  possible  to  establish  on  the  basis  of  given  earlier  (in 
Fig.  5.3)  graph/curve  that  with  positive  feedback  in  a  circuit  made 
with  a  tube  with  v=10’  Hz,  grid  voltage  of  tube  of  relaxation 
oscillator  I  increases  up  to  moment  of  time  t=3  ns  6  times.  The 
graph/curve,  given  in  Fig.  5.5,  shows  that  the  switch  time  in  this 
case  decreases  a  little  larger  than  twice  in  comparison  with  the  case, 
when  feedback  is  absent. 


5.3.  DURATION  OF  PULSE  EDGES  AT  OUTPUT  OF  RELAXATION  OSCILLATORS. 

Switch  time  of  relaxation  oscillator  does  not  determine 
completely  duration  of  pulse  edge  at  its  output.  It  determines  only 

) 
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the  duration  of  the  front  of  current,  which  takes  place  through  the 
tube.  However,  as  far  as  the  duration  of  the  front  of  voltage/stress 
on  the  load  is  concerned,  it  depends  substantially  on  the  properties 
of  output  circuit. 

Let  us  assume  that  output  circuit  of  relaxation  oscillator  is 
integrating  component/1 ink  as  this  shown  in  Fig.  5.6a.  The  same 
figure  depicts  the  equivalent  diagram  of  output  circuit.  In  order  to 
find  output  potential  of  relaxation  oscillator,  we  will  use  the  fold 

t 

n(t)  =  -K0§uux(t-l)df<l(l).  (5.9) 

0 


m 


#**-*'< 
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Fig.  5.6.  Output  circuit  of  relaxation  oscillator  (a)  and  its 
equivalent  diagram  (b) . 

Page  277. 

Here  transient  response  of  output  circuit 

/ 

K,(t)  =  l-e~r,  (5.10) 

and  T=-C0fla  -  time  constant  of  integrating  circuit,  where  ra  - 
resistor/resistance  of  plate  load,  and  C0  -  stray  capacitance,  which 
shunts  load.  Factor  of  amplification  of  K-circuit  K9~SRa  (S  -  mutual 
conductance  of  tube  at  the  operating  point). 


For  determining  u(t)  there  is  no  need  for  using  exact  expression 
for  i/„v(0'  it  necessarily  only  for  computing  switch  time.  Further 
examination  of  process  can  be  produced,  assuming  that  the  voltage  on 
the  input  of  relaxation  oscillator  changes  according  to  the  law,  shown 
in  Fig.  5.7.  Analytically  this  law  can  be  expressed  as  follows: 

(5.11) 

...in-  v'  +  r,1"'  '»> 


(5.11) 
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Latter/last  expression  indicates  also  that 


where 


«(.r„)  =  t/MaKC[l—  Lz-^j. 
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and  at  t“®  it  approaches  C/Ma„c- 

Graphs/curves  of  anode  voltage  are  given  on  Fig.  5.8  for  two 
cases:  *n=0  and  *n=l- 
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different  values  of  parameter 
Page  279. 

In  the  first  case  the  value  of  the  switch  time  of  relaxation 
oscillator  is  negligible  in  comparison  with  the  time  constant  of 
output  circuit.  Output  potential  in  this  case  increases  according  to 
the  law  , 

H(/)  — (/w  ai'c(l— ^  )> 


reaching  90%  of  its  steady-state  value  for  the  duration  of  front 
4  =  2,3*.  In  the  second  case  the  switch  time  is  equal  to  constant  equal 
to  the  time  constant  of  output  circuit  and  output  potential  is 
described  by  formulas  (5.12),  in  which  one  should  assume  ~ —  i. 
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Duration  of  front  4  of  output  voltage/stress  can  be  found  from 
condition 


whence 


Uu 


>-4  I  =0,96'. 


I»  =  *(ta  10  +  In^-lj  =  <(2,3  +  ln'-^-!). 


First  term  in  this  formula  is  rise  time  of  output  potential  of 
relaxation  oscillator  in  the  case,  when  switch  time  it  is  equal  to 
zero,  and  second  term  -  elongation  of  front  due  to  finite  time  of 
switching.  When  *n=o  we  have  4  =  2,3 1,  while  when  x„  =  i  we  obtain 

4=2,8t. 


Fig.  5.9  gives  dependence  of  relation  on  xn,  with  the  aid  of 
which  it  is  possible  to  determine  duration  of  front  of  output  pulses 
with  known  values  4  and  r.  Graph/curve  shows  that  the  conventional 
approximation  formula  for  the  duration  of  the  edges  of  pulses  4  =  2, 3x 
[89]  is  valid  only  when  switch  time  is  small  in  comparison  with  the 
time  constant  of  output  circuit. 

In  preceding/previous  section  it  was  established  that  presence  of 
positive  feedback  in  relaxation  oscillator  of  I  with  quality  tube  10’ 
Hz  decreases  switch  time  of  relaxation  oscillator  approximately  two 
times  (namely,  2.15  times). 
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Let  the  time  constant  of  output  circuit  r  be  equal  to  the  switch  time 
of  diagram  with  the  extended  feedback  loop,  i.e.  is  equal  to  t0.  The 
duration  of  the  pulse  edge  in  this  case,  as  soon  as  which  was 
established,  it  composes  2.8  r.  If  due  to  the  introduction  to 
positive  feedback  switch  time  decreased  2.15  times,  then  this  will 
lead  to  the  fact  that  the  duration  of  front  decreases  to  2.5  r,  i.e., 
it  will  be  lowered  only  by  11%.  This  gain  will  be  still  less  at  a 
larger  value  of  the  ratio  of  the  time  constant  of  output  circuit  to 
the  switch  time.  The  given  numerals  show  that  the  action  of  feedback 
in  the  nanosecond  range  little  effective,  which  more  narrowly  was 
discussed  above.  Therefore  in  the  final  stages  of  the  conversion  of 
the  pulses,  in  which  the^pulse  duration  is  short  they  usually  place 
not  relaxation  oscillators,  but  amplifier-limiters. 

Presence  of  positive  feedback  in  final  stages  of  peakers  of 
pulses  is  undesirably  also  for  following  reasons.  During  the 
amplification  of  very  narrow  pulses  in  such  diagrams  the  time  lag  of 
the  voltage/stress,  which  enters  from  the  feedback  loop  the  grid  of 
relaxation  oscillator,  is  observed.  The  pulse,  which  arrives  from  the 
feedback  loop,  proves  to  be  somewhat  displaced  with  respect  to  the 
pulse,  which  entered  the  input  of  relaxation  oscillator  for  the 
conversion. 
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Fig.  5.9.  Dependence  of  relativity  of  duration  of  front  from 
parameter 

Page  281. 

As  a  result  of  this  bias/displacement  the  resulting  pulse  on  the  grid 
of  tube  seemingly  is  expanded,  what  is  negative  moment/torque  in  the 
device/equipment,  intended  for  pulse  shortening. 

All  these  deficiencies  in  positive-feedback  circuits  are  greater, 
the  shorter  the  duration  of  converted  pulses.  Therefore  similar 
diagrams  should  be  considered  little  promising  for  the  work  in  the 
range  of  very  narrow  pulses. 


5.4.  CONSECUTIVE  PEAKING  IN  RELAXATION  OSCILLATOR  CIRCUITS. 

Shaping  of  very  short  pulses  or  pulses  with  very  steep  fronts  in 
single-stage  relaxation  oscillators  is  not  always  attained.  For 
example,  at  the  rate  of  the  starting  voltage/stress,  characterized  by 
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value  t0=l  ns,  even  in  the  tube  with  the  quality  10*  Hz  switch  time 
will  be  6.9  ns,  and  the  duration  of  the  pulse  edge  is  still  more.  In 
order  to  obtain  possible  narrow  pulses,  relaxation  oscillators 
frequently  connect  up  consecutive  chains/networks.  Each  subsequent 
relaxation  oscillator  is  started  in  this  case  by  pulses  with  the 
steeper  front  than  preceding/previous.  Because  of  this  at  the  network 
output,  the  steepness  of  the  pulse  edges  is  more  than  at  the  input. 

It  should  be  noted  that  the  method  of  consecutive  peaking  gives 
improvement  only  when  in  the  process  of  the  consecutive 
starting/launching  of  relaxation  oscillators  switch  time  decreases. 

Let  us  assume  that  at  input  of  chain/network  from  Q  of  identical 
relaxation  oscillators  operates  linearly  increasing  voltage/stress 

«.( /)=»«*• 


Then,  as  it  was  shown  in  second  section  of  present  chapter, 
switch  time  of  relaxation  oscillator  I  (with  chain  connection,  as  a 
rrle,  are  utilized  relaxation  oscillators  I) 

-v,  =  In  ( 1  +a-0), 

where  .v,  =  v/;  .v.  =  v/,„. 

Page  282. 

For  .switch  time  output  potential  of  first  relaxation  oscillator 
will  cha/nge  according  to  the  law 
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reaching  up  to  moment  of  time  t  =  tax  of  value 
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since 


1  — 


} 


/■*  " 

•*»  _ v‘itt _ _  ...  fni 

K.~SR*~  Sfl,  ~C.R* 


We  linearize  voltage/stress  Ui(t) ,  after  assuming 

ut 


Then  switch  time  of  second  relaxation  oscillator 


where 


*.=  'n['+v£]=ta[l  +  |-1.(£)]. 
+W-  ,_i _,<-««•>  ■ 

Jt 

tf. 


Graph/curve  of  this  function  is  shown  in  Fig.  5.10 
JL-»oo;  virtually  this  value  can  be  considered  close- to  one  when 

Kt 


when 

£>10. 

A* 


Page  283. 
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During  time  output  potential  of  second  relaxation  oscillator 
increases  according  to  the  law 


reaching  up  to  moment  of  time  t  =  t„a  of  value 

1 1  _ E»Kt 

u>—  +  (x,IK,) ' 

We  linearize  this  voltage/stress,  after  assuming 

In  this  case  switch  time  of  third  relaxation  oscillator 
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a  o  t  t  j  t  s  s  7  s  9  lb 
Fig.  5.10.  Plotted  function  ^(x/K#). 

Page  284. 

Continuing  this  operation  further,  we  will  obtain 

^=4'  +  Tr*(T?r)l-  (5-l3> 

Fig.  5.11  gives  dependences  of  dimensionless  switch  time  on 
number  of  relaxation  oscillators  in  chain/network,  constructed  for 
different  values  of  factor  of  amplification  K0.  The  examination  of 
these  graphs/curves  shows  that  with  an  increase  in  the  number  of 
relaxation  oscillators  the  dimensionless  switch  time  decreases, 
approaching  a  certain  limit.  Switch  time  reaches  limiting  value 
sooner,  the  greater  the  rate  of  the  increase  of  the  converted 
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voltage/stress  and  the  greater  the  factor  of  amplification  K0. 


It  is  physically  easy  to  explain,  why  triggering  time  does  not 
decrease  unlimitedly  with  time  of  ripening  of  number  of 
cascades/stages.  Let  us  assume  that  the  switch  time  in  the  q 
cascade/stage  decreased  to  zero;  then  rise  time  of  voltage  on  its 
output  is  2.3  t  and,  therefore,  the  switch  time  of  the  (q+l)-th 
cascade/stage  will  be  certain.  This  means  that  in  the  presence  of 
stray  capacitance  in  output  circuit  the  switch  time  not  with  what  q 
can  become  zero. 


In  order  to  find  steady-state  value  of  switch  time,  i.e.,  value 
of  switch  time  in  q  relaxation  oscillator  with  q!~®,  let  us  enter  as 
follows.  In  steady  state 

Xq  =  Xq  +  ,  =  X  , 

where  x*  indicates  the  stationary  value  x. 


For  determination  we  will  use  formula  (5.13),  into  which 
instead  of  xQ_,  let  us  substitute  value  x* 


+£->(£)l 


mode  this  equation  relatively  x*.  Let  us  substitute  in  it  value 


we  convert  and  will  obtain 
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On  the  basis  of  this  table  it  is  possible  to  consider  in  the 
first  approximation,  that  with  sufficiently  high  amplification  factor 
steady-state  value  of  dimensionless  switch  time  of  relaxation 
oscillator  x*«l 


t 


V  * 


Switch  time  cannot  be  less  than  value  of  reverse/ inverse  v  (i.e. 
value,  reverse/inverse  quality  of  tube).  Thus,  with  7=10*  Hz  '*n=i 
ns. 


5.5.  RELAXATION  OSCILLATORS  BUILT  ON  TUBES  WITH  SECONDARY  EMISSION. 

In  preceding/previous  sections  of  present  chapter  analysis  of 
work  of  relaxation  os'cillators  was  conducted  on  the  basis  of  known 
transient  responses  of  these  relaxation  oscillators  and  volt-ampere 
characteristics  of  tubes  irrespectively  of  concrete/specif ic  diagrams 
of  relaxation  oscillators.  Let  us  examine  now  the  diagrams  rf 
relaxation  oscillators,  beginning  from  the  single-tube  diagrams, 
assembled  on  the  tubes  with  the  secondary  emission. 

As  was  shown  earlier,  switch  time  of  relaxation  oscillators  and 
duration  of  pulse  edges  at  their  outputs  depend  substantially  on 
quality  of  tubes  utilized  in  relaxation  oscillators.  The  problem  of 
increasing  the  quality  of  tubes  without  a  considerable  increase  in  the 
current  density  on  the  cathode  and  a  decrease  of  the  distance  between 
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the  cathode  and  the  grid  proved  to  be  resolvable  under  the  condition 
for  use  in  the  tubes  of  the  phenomenon  of  secondary  emission. 
Furthermore,  the  presence  in  these  tubes  of  the  special  electrode, 
which  possesses  the  ability  to  emit  secondary  electrons,  offers  the 
new  possibilities  of  the  construction  of  the  oscillator  circuits  of 
pulses. 
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00 
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1,230 

1,180 
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1,120 

1,115 

1,114 

1.113 

Page  287. 

Diagrammatic  representation  of  one  of  the  types  of  tubes  with  the 
secondary  emission  is  given  in  Fig.  5.12. 

Work  of  tube  with  secondary  emission  occurs  as  follows. 

Electronic  flux,  being  headed  from  the  cathode  toward  the  anode,  falls 
on  dynode,  being  under  higher  potential,  and  dislodges/chases  from  it 
the  flow  of  the  secondary  electrons,  which  are  fixed  to  the  anode, 
which  has  an  even  larger  potential.  The  internal  surface  of  dynode  is 
covered  with  the  layer  of  the  substance,  which  has  secondary-emission 
coefficient  o>l.  Because  of  this  anode  current  is  more  than  cathode  <x 
once  (if  we  do  not  consider  the  current  of  screen  grid). 

Tubes  with  secondary  emission  possess  a  series/row  of  special 
features  in  comparison  with  usual  tubes.  First  of  all,  as  already 
mentioned  above,  they  they  have  high  quality.  For  the  tubes  with  the 
secondary  emission  the  ratio  of  mutual  conductance  of  tube  to  the  grid 
capacitance  -  cathode  a ■/.  once  is  more  than  for  the  tubes,  which  do  not 
use  the  phenomenon  of  secondary  emission. 
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Second  special  feature  of  tubes  with  secondary  emission  consists 
in  the  fact  that  current  of  dynode  has  opposite  direction  in 
comparison  with  current  of  anode,  i.e.,  in  external  current  circuit 
flows  from  dynode.  Because  of  this  voltage/stress  on  the  dynode  and 
the  grid  they  prove  to  be  cophasal  that  it  makes  it  possible  to  obtain 
positive  feedback  in  single-tube  track  layout  application  of  voltage 
from  the  dynode  to  the  grid  through  isolating  capacitor. 

Third  special  feature  of  tubes  with  secondary  emission  lies  in 
the  fact  that  current  of  anode  of  these  tubes  can  considerably  exceed 
current  of  cathode.  This  fact  makes  it  possible  to  obtain  positive 
feedback  by  means  of  the  connection  of  the  anode  with  the  cathode 
through  the  coupling  capacitor. 
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Fig.  5.12.  Diagrammatic  representation  of  tube  with  secondary 
emission:  1  -  cathode;  2  -  control  electrode;  3  -  screen  grid;  4  - 
focusing  electrode;  5  -  dynode  -  electrode,  which  emits  secondary 
electrons;  6  -  anode. 

Page  288. 

Tubes  with  secondary  emission  can  be  used  in  most  diverse 
oscillator  circuits  of  pulses;  however,  most  specific  for  them  are 
single-tube  transformerless  diagrams  which  were  discussed  above.  Two 
versions  of  the  diagrams  of  relaxation  oscillators  on  the  tubes  with 
the  secondary  emission  are  given  in  Fig.  5.13.  The  first  diagram 
(Fig.  5.13a)  is  diagram  with  a  dynode-grid  connection/communication, 
and  the  second  (Fig.  5.13b)  -  diagram  with  the  anode-cathode 
connection/communication. 

Let  us  examine  work  of  diagram  with  dynode-grid 
connection/communication  (work  of  second  diagram  and  its  advantage 
approximately  the  same  as  in  the  first). 
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Diagram  of  relaxation  oscillator,  given  in  Fig.  5.13a,  can  work 
both  in  mode  of  self-excitation  and  in  mode  of  waiting  relay  in 
dependence  on  bias  voltage,  supplied  to  control  electrode.  From  the 
point  of  view  of  obtaining  possible  narrow  pulses,  there  is  greatest 
interest  in  the  second  case,  when  relaxation  oscillator  works  as 
peaker . 

As  can  be  seen  from  figure,  positive  voltage  of  source,  which 
feeds  dynode,  is  applied  to  it  through  resistor/resistance  Ra. 
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Fig.  5.13.  Diagrams  of  relaxation  oscillators  on  tubes  with  secondary 
emission:  a)  with  dynode-grid  connection;  b)  with  anode-cathode 
connection. 

Page  289. 

This  resistor/resistance  is  analogous  with  anodic  resistor/resistance 
in  the  usual  schematic  of  multivibrator.  It  is  selected  sufficiently 
high  value  so  that  the  factor  of  amplification  of  dynode  circuit  would 
be  more  than  one  and  diagram  could  be  self-excited.  Alternating 
voltage  from  the  dynode  through  isolating  capacitor  cCB  is  supplied  to 
control  electrode  of  tube.  Capacitance . value  of  isolating  capacitor 
defines  the  duration  of  the  pulses  generatable  in  the  diagram 
similarly,  as  it  takes  place  in  the  blocking  oscillator.  Leakage 
resistance  of  grid  is  large  enough  that  it  would  not  shunt  the  dynode 
resistor/resistance.  The  value  of  this  resistor/resistance  together 
with  the  capacitance  of  isolating  capacitor  determines  the  period  of 
oscillations  of  generator  in  the  mode  of  auto-oscillations. 


) 


DOC  =  88076716 


PAGE  "2^ 


Let  us  pause  at  some  special  features  of  tube  in  diagram  of 
relaxation  oscillator.  The  current  of  dynode  is  the  difference 
between  the  currents  of  cathode  and  anode  of  the  tube 

*  A  —  /ji  l  a, 

and  since  the  current  of  the  anode  as  a  result  of  the  phenomenon  of 
secondary  emission  is  more  than  the  current  of  cathode,  then  the 
current  of  dynode  flows  in  the  opposite  direction  in  comparison  with 
the  current  of  the  anode.  If  in  external  circuit  anode  current  flows 
to  the  anode,  then  in  the  dynode  circuit  the  current  flows  from  the 
dynode.  Voltage  on  the  anode  of  tube  when  there  is  a  load  on  the 
anode  circuit  is  always  lower  than  supply  voltage  by  the  value  of  the 
voltage  drop  across  load.  However,  voltage  on  the  dynode  when  there 
is  a  load  on  the  dynode  circuit  is  always  greater  than  the  voltage  of 
the  source  which  feeds  this  circuit.  With  an  increase  in  the  grid 
voltage,  the  dynode  current  grows/rises  in  absolute  value  and  the 
voltage/stress  on  the  dynode  grows/rises  because  of  this,  i.e., 
voltages/stresses  on  the  dynode  and  the  grid  prove  to  be  cophasal. 

For  self-excitation  of  oscillations  in  the  relaxation  circuit 
based  on  a  tube  with  secondary  emission  and  a  dynode-grid  connection, 
besides  cophasal ity  of  the  voltages  on  the  dynode  and  the  grid,  it  is 
necessary  for  the  transmission  gain  the  closed  feedback  loop  to  be 
greater  than  one.  This  is  accomplished,  first  of  all,  by  having  the 
value  of  resistor/resistance  in  the  dynode  circuit  be  great  enough, 
which  was  already  discussed  above.  Furthermore,  in  the  diagram  they 
try  to  obtain  the  coefficient  of  feedback,  i.e.,  the  transmission  gain 
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from  the  dynode  to  the  grid,  close  to  one. 

Page  290. 

This  is  reached  with  the  aid  of  the  sufficiently  great  capacity  of 
isolating  capacitor  (capacitance  of  isolating  capacitor  it  must  be 
much  more  than  the  input  capacitance  of  tube). 

For  analysis  of  work  of  generator  on  tube  with  secondary  emission 
we  will  use  characteristic,  which  expresses  dependence  of 
voltage/stress  on  dynode  from  voltage/stress  on  control  electrode 
(Fig.  5.14).  Dynode  voltage/stress  is  product  of  dynode  current  to 
load  resistance/resistor  and  therefore  reflects/represents  shape  of 
the  curve  of  dynode  current.  Dynode  current  appears  with  a  certain 
negative  voltage/stress  on  control  electrode  -  cutoff  voltage  on  the 
dynode  circuit.  The  build-up  of  dynode  current  occurs  with  an 
increase  in. the  voltage  on  control  electrode  until  the  phenomenon  of 
the  redistribution  of  the  cathode  current  between  the  dynode  and 
control  electrode  sets  in.  With  further  increase  in  the  grid  voltage 
dynode  current  decreases  due  to  the  phenomenon  indicated. 

On  the  same  graph/curve  are  given  straight  lines  of  feedback  for 
two  end  positions,  which  correspond  to  moments/torques  of  "jumps"  of 
current.  The  straight  line  of  feedback  is  the  dependence  of  voltage 
on  control  electrode  on  the  voltage  on  the  dynode.  With  the 
sufficiently  great  capacity  of  isolating  capacitor  when  the 
coefficient  of  feedback  can  be  considered  cmal  to  one,  the  straight 


) 
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line  of  feedback  will  pass  at  angle  of  45°  (with  the  equality  of 
scales  along  the  coordinate  axes). 
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emission. 

Page  291. 

Examination  of  work  of  relaxation  oscillator  let  us  begin  from 
that  moment/torque  when  tube  it  is  closed  and  in  diagram  occurs 
capacitor  discharge.  The  process  of  capacitor  discharge  lasts  until 
tube  is  opened  and  operating  point  falls  on  that  section  of  the  dynode 
characteristic,  where  the  slope/transconductance  is  sufficient  so  that 
in  the  diagram  the  condition  of  self-excitation  would  be  satisfied. 

At  this  moment  the  transmission  gain  on  the  closed  loop  of  feedback 
becomes  equal  to  one  and  in  the  diagram  appears  avalanche-like 
process.  Operating  point  abruptly  passes  from  position  A  to  position 
B.  In  actuality  this  process  occurs  during  finite  time  due  to  the 
unavoidable  parasitic  circuit  parameters. 
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After  operating  point  falls  into  position  B,  in  diagram  process 
of  charge  of  separating  capacitance  begins  with  grid  current  of  tube. 
As  a  result  of  special  feature  of  dynode  current  noted  earlier,  the 
voltage/stress  on  the  dynode  is  more  than  supply  voltage,  so  that  with 
the  charge  of  capacitor  acquires  the  potential  difference,  which 
exceeds  the  voltage  of  source.  As  a  result  of  charge  of  capacitor  the 
grid  voltage  is  gradually  decreased,  in  consequence  of  which  the 
operating  point  passes  in  the  section  of  characteristic  with  the  large 
slope/transconductance.  At  point  C  mutual  conductance  becomes 
sufficient  so  that  the  transmission  factor  on  the  closed  loop  of 
feedback  would  become  more  than  one,  and  in  the  diagram  appears  the 
reverse  avalanche-like  process,  which  rapidly  leads  to  the  closing  of 
tube.  Thus,  capacitance  value  of  isolating  capacitor  determines  time 
between  the  straight  line  and  the  reverse/inverse  by  avalanche-like 
processes,  i.e.,  the  pulse  duration. 

After  closing  of  tube  in  circuit,  which  contains 
resistors/resistances  Rc  and  begins  capacitor  discharge.  Although 
in  the  discharge  circuit  of  capacitor  is  contained  the  source  of 
dynode  voltage  £„  as  has  already  been  indicated,  voltage  across 
capacitor  at  the  beginning  of  the  process  of  discharge  is  more  than 
supply  voltage  of  dynode.  Discharge  time  is  determined  by  the  time 
constant  of  this  circuit,  i.e.  virtually  with  the  value  of  the  product 
of  the  capacitance  of  isolating  capacitor  to  leakage  resistance. 
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With  a  certain  approximation/approach  it  is  possible  to  consider  that 
this  time  determines  the  period  of  oscillations  of  the  relaxation 
oscillator  (when  the  oscillatory  period  much  more  than  the  pulse 
duration) . 

Anode  circuit  of  tube,  as  follows  from  description  of  work  of 
diagram  given  above,  does  not  participate  in  process  of  impulse 
shaping,  but  it  is  utilized  only  for  their  amplification. 

5.6.  ANALYSIS  OF  OPERATION  OF  RELAXATION  OSCILLATOR  BASED  ON  TUBE 
WITH  SECONDARY  EMISSION. 

Let  us  now  move  on  to  analysis  of  work  of  relaxation  oscillator 
on  tube  with  secondary  emission,  beginning  from  investigation  of 
process  of  switching.  For  this  we  linearize  the  characteristic  of 
tube  in  section  AC,  after  replacing  with  its  line  segment.  Let  us 
assume  that  the  starting  voltage  on  the  grid  of  tube  is  given  in  the 
form  of  unit  function.  Then  grid  voltage 

«c  (0=1  (')+«*(').  (5-14) 

where  ua(i)  ~  alternating  voltage  on  the  dynode. 

In  turn, 

t 

«*(')=  (M* -S)<MC(S),  (5.15) 

n 


where  K(t)  -  transient  response  of  amplifier,  formed  by  dynode  part  of 
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ttc(t)  -  voltage/stress  on  control  electrode. 
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Fig.  5.15.  Equivalent  diagram  of  output  circuit  of  relaxation 
oscillator. 

Page  293 

Equivalent  diagram  matic  of  this  amplifier  is  shown  in  Fig.  5.15, 
where  S:r-  slope/transconductance  of  dynode  characteristic;  C0  -  stray 
capacitance,  back-out  resistor  of  R;  R  -  resistance/resistor  of  load 
of  dynode  (taking  into  account  by-passing  of  section  grid  -  cathode  of 
tube) . 


Substituting  (5.15)  in  (5.14),  we  obtain  integral  equation  of 
Volterra  of  2nd  order; 

«c  (0  —  j«c  (/  —  l)dK  (£)=  1  (0. 

0 

solution  of  which  takes  form 

00 

«c  (0=1  (')  +  V  Kn  (0. 

where  K„(t)  ~  transient  response  n  of  series-connected  K-circuits. 


According  to  equivalent  diagram 
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where 


K(t)=*K,i\—e 

K0—SaR,  *~-C0R- 


In  order  to  find  transient  response  of  n  series-  connected 
K-circuits,  it  is  necessary  to  realize  (n-l)-fold  convolution  of  K(t). 
The  result  of  this  operation,  as  is  known,  can  be  represented  in  the 
form  [90] 


A'„  (/) 


K 


-l/x 


s  m 


R~0 


This  formula  is  equation  of  transient  response  of  n-stage 
resistance-coupled  amplifier  or  result  of  n-fold  passage  of 
voltage/stress  of  stepped  form  through  one  amplifier  stage. 
Substituting  this  expression  into  the  solution  of  integral  equation, 
we  obtain 


n  \  l  k-'\  * 

[U-KgW 

?  J. 
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Setting  K0>>1,  we  will  have 

«c(0  =  e* 

where  v  — r-  (5.1G) 

J  0 


By  definition,  MO  =/!,(/)  since  at  input  of  relaxation  oscillator 
single  voltage  gradient  acts.  It  follows  from  formula  (5.16)  that  the 
pulse  generator  on  the  tube  with  secondary  emission  is  relaxation 
oscillator  I  (when  K„»l). 

Conclusions  drawn  above  make  it  possible  to  use  for  timing  of 
switching  relaxation  oscillator  to  tube  with  secondary  emission  and 
duration  of  pulse  edges,  generated  by  this  relaxation  oscillator, 
formulas,  derived  earlier  in  S  5.2  and  5.3. 

Let  us  turn  now  to  question  about  determination  of  duration  of 
pulses,  generated  by  single-tube  diagrams  on  tubes  with  secondary 
emission.  For  this  purpose  will  examine  first  the  oscillograms  of 
electrode  voltages  of  tube  in  the  diagram  of  relaxation  oscillator. 
These  oscillograms  are  given  in  Fig.  5.16.  The  first  oscillogram 
(Fig.  5.16a)  shows  the  law  of  a  change  in  the  grid  voltage  of  tube. 
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Fig.  5.16.  Voltage  oscillograms  on  elements  of  network  of  relaxation 
oscillator  on  tube  with  secondary  emission:  a)  on  grid;  b)  on  dynode. 
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The  grid  voltage  of  tube  is  negative  at  point  in  time  t=0  and  it  is 
less  than  the  cutoff  voltage  At  the  moment  of  time  t=0  in  the 

diagram  appears  the  avalanche-like  process,  as  a  result  of  which  the 
grid  voltage  of  tube  during  the  small  interval  of  time  rises  to  value 
At  subsequent  points  in  time  shaping  of  pulse  apex  occurs.  The 
pulse  apex  of  grid  voltage  has  a  decay,  which  is  obtained  due  to  an 
increase  in  the  voltage/stress  on  capacitance  r;,„  with  its  charge  by 
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grid  currents.  Up  to  the  moment/torque  of  the  termination  of  the 
flat/plane  part  of  the  pulse  the  grid  voltage  of  tube  falls  to  value 

LI  02- 


Second  oscillogram  (Fig.  5.16b)  presents  dependence  of  dynode 
voltage/stress  from  time.  It  is  characteristic  for  it  that  the  pulse 
apex  on  the  dynode  has  a  lift.  This  lift  is  caused  by  the  special 
feature  of  the  work  of  tube  with  the  secondary  emission,  which 
consists  in  the  fact  that  the  current  of  dynode  in  external  circuit 
flows  from  the  dynode,  and  therefore  in  the  presence  of  load  in  the 
dynode  branch  circuit  on  the  dynode  grows/rises  with  an  increase  in 
the  dynode  current.  The  third  oscillogram  presents  the  law  of  a 
change  in  the  voltage/stress  on  the  coupling  capacitor. 

In  order  to  determine  duration  of  flat/plane  part  of  pulse 
(knowing  this,  as  well  duration  of  front  and  shear/section  of  pulse, 
makes  it  possible  to  determine  pulse  duration  at  any  level),  let  us 
allow  some  idealizations.  Let  us  assume  that  the  current  of  dynode 
does  not  depend  on  the  value  of  dynode  voltage/stress.  Let  us  assume 
also  that  during  shaping  of  pulse  apex  the  current  of  dynode  does  not 
depend  on  voltage/stress  on  control  electrode.  The  input  resistance 
of  section  grid  -  cathode  we  will  consider  constant. 

It  is  obvious  that  in  this  system  in  process  of  formation  of 
flat/plane  part  of  pulse  grid  voltage  of  tube  will  decrease 
exponentially: 
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iic  (/)  -  */.,<•  • 

where  -  maximum  grid  voltage,  which  occurs  with  t=tA  (see  Fig. 
5.16) ; 

r,  -  time  constant  of  charge  of  capacitor. 
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Time  constant  r3  is  equal  to  product  of  capacitance  of  isolating 
capacitor  to  total  resistance  of  circuit  of  charge,  which  consists  of 
series-connected  resistance/resistors  of  dynode  load  and 
resistor/resistance  of  section  grid  -  cathode  of  conducting  tube: 

/?8  =  /?a  +  rc. 


Time,  required  for  decreasing  grid  voltage  from  value  ucl  to 
value  uKi,  let  us  find  from  condition 

UCt=Ur,0~'3  , 

whence  [l] 

tn  —  tain— 


Detailed  study  of  generator  on  tube  with  secondary  emission  was 
carried  out  into  [91],  where  was  given  following  formula  for 
determining  pulse  duration: 


(*,  f»). 


(5.17) 
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where  *«,(a,  p)  -  certain  function  of  parameters  a  and  /J,  represented  in 
Fig.  5.17. 


In  turn. 


En  nn 


a=  1  +2 

$  =  Rj - e — • 

c  — Cm  tan 


Ea  rbc  —  Ea  mb’ 
/ X  me _ 


Here  £a3an  -  cutoff  voltage  of  dynode  current;  £BBac  ~  voltage/stress, 
with  which  dynode  current  achieves  saturation  /aBac;  £n„ac  — £«3an  “  the 
absolute  difference  between  the  saturation  voltages  and  cutoff. 
Relation  /»„„<:/(£■* Hac  —  E**™)  is  equal  to  the  averaged 
slope/transconductance  of  dynode  characteristic  so  that  the 
parameter  /3  plays  the  role  of  the  factor  of  amplification  of  dynode 
circuit. 
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(Value  R  —  -  the  resistance/resistor  of  the  load  of  dynode 

circuit) . 

In  [91]  is  given  also  formula  for  determining  minimum  duration  of 
pulses  (at  level  0.5),  which  is  determined  by  stray  capacitances  of 
diagram  and  by  value  of  load  resistance/resistor: 

inMUH  =  (2+5,2)RCQ, 

where  c0=C.i;+Cjw  -  sum  of  parasitic  grid  capacitances  and  dynode. 
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Different  values  of  coefficient  in  formula  are  caused  by  varied 
conditions  of  starting/launching. 

Analysis  given  above  makes  it  possible  to  determine  procedure  of 
engineering  of  relaxation  oscillators  on  tube  with  secondary  emission. 
In  the  nanosecond  pulse  technique  these  generators,  as  a  rule,  work  as 
the  peckers  of  previously  formed  oscillations,  i.e.,  are  used  for 
increasing  the  steepness  of  the  pulse  edges.  In  connection  with  this 
calculation  let  us  begin  from  the  determination  of  the  duration  of 
fronts  and  impulse  steepness,  developed  by  relaxation  oscillators. 

Let  us  accept  as  initial  value  for  calculation  steepness  of  front 
of  starting  voltage  a.  Then  the  switch  time  of  tube  with  the  extended 
loop  of  feedback  t0=E0/a,  where  E0  -  value  of  the  opening  of  the 
idealized  characteristic  of  tube  /;i=/(Uc).  Let  us  find  the  switch  time 
of  relaxation  oscillator  taking  into  account  the  action  of  feedback  . 
from  the  formula 

/n  =  -7ln^ 

where  v=  J  . 
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Fig.  5.17.  Plotted  function  *„(».  p». 

Page  298. 

Here  S;i  -  slope/transconductance  of  idealized  characteristic 
and  C0  -  total  stray  capacitance,  which  shunts  dynode 
resistor/resistance. 

Duration  of  pulse  edges  at  output  of  relaxation  oscillator 

v  XU  ) 

where  .vn=^-;  t  =--C0R. 

After  determining  parameter  xa  in  known  values  r  and  let  us 
find  4. 

Pulse  amplitude  at  output  of  relaxation  oscillator  (considering 
that  voltage/stress  is  removed/taken  from  dynode  resistor/resistance) 
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U  =  /;l  liac^A* 

where  /flIiat  -  saturation  current  of  diode,  determined  from  idealized 
characteristic. 

Here  it  is  thought  that  characteristic  is  taken/removed  in  pulsed 
operation.  Average/mean  steepness  of  the  edge  of  the  pulses 

st>  =°>9t-. 

'4* 


Coefficient  of  0.9  is  undertaken  here  because  for  time  of 
output  potential  of  relaxation  oscillator  it  increases  to  value  0.9  U. 

Pulse  duration  at  output  of  relaxation  oscillator  can  be 
determined  according  to  formula  (5.17).  Since  0,  then  . 

essentially  it  is  possible  to  consider  that  a«3.  Knowing  this  value, 
according  to  the  graph/curve,  given  on  Fig.  5.17,  it  is  possible  to 
find  that  with  /J=6  (upper  curve)  xt=9,4,  with  /3=3  (average/mean  curve) 
=  4,4  and  with  p=2  (lower  curve)  tl£)  =  0,4.  The  pulse  duration  obtained 
is  greater,  the  greater  the  factor  of  amplification  of  diagram,  well 
known  property  of  all  relaxation  oscillators. 

Period  of  oscillations  of  relaxation  oscillator,  which  works  in 
mode  of  peaking,  is  equal  to  period  of  converted  oscillations.  In  the 
mode  of  auto-oscillations  recovery  time  of  relaxation  oscillator  can 
be  calculated  by  the  formulas,  proposed  by  Ya.  S.  Itskhoki  [1], 
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As  has  already  been  spoken,  relaxation  oscillators  sometimes  are 
connected  up  chains/networks  for  consecutive  peaking.  The  calculation 
of  similar  chains/networks  can  be  performed  on  the  basis  of  the 
graphs/curves,  given  in  Fig.  5.11.  On  these  graphs/curves, 
constructed  for  different  factors  of  amplification  K0 ,  is  shown  the 
dependence  of  the  logarithm  of  dimensionless  switch  time  .v  =  <nv  on  the 
number  of  relaxation  oscillators  in  chain/network  Q.  As  the  parameter 
is  accepted  value  xx  -  the  dimensionless  switch  time  of  one  relaxation 
oscillator.  The  series  connection  of  relaxation  oscillators  is 
expedient  only  if  in  the  process  of  consecutive  peaking  the  decrease 
of  the  switch  time  of  diagram  occurs.  It  follows  from  the 
graphs/curves  that  with  K,=10  and  x^lO1  is  expedient  to  take  the 
chain/network,  which  consists  of  four  relaxation  oscillators  (counting 
the  first,  the  switch  time  of  which  is  equal  xx),  when  xx=102  - 
chain/network  of  three  relaxation  oscillators  and  when  xx=10  - 
chain/network  of  two  relaxation  oscillators. 

Order  of  calculation  of  chain/network  of  relaxation  oscillators 
can  be  following.  After  accepting  known  value  x„  for  the  first 
relaxation  oscillator,  we  find  the  time  of  its  switching  through  the 
formula 

*>’•  —  7  In  (I 

and  the  switch  time  of  the  second  and  subsequent  relaxation 
oscillators  -  according  to  formula  (5.13),  where  ^(x/K,)  is  given  by 


) 
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the  graph/curve,  given  in  Fig.  5.10. 

If  tu2  is  considerably  less  than  then  should  be  determined 
switch  time  of  third  relaxation  oscillator,  the  fourth,  etc.,  until 
switch  time  ceases  substantially  to  decrease.  After  determining  thus 
tentatively  the  number  of  relaxation  oscillators  Q,  should  be  found 
the  duration  of  the  pulse  edges  at  the  output  of  latter/last  and 
next-to-last  relaxation  oscillators.  If  noticeably  differs  from 
/„.v  ,,  then  the  number  of  relaxation  oscillators  is  selected  correctly, 
but  if  these  values  differ  little  from  each  other,  then  the  number  of 
relaxation  oscillators  in  the  chain/network  must  be  decreased  by  one 
and  repeated  the  same  operation  again  until  it  is  noticeable  that  the 
decrease  of  the  number  of  relaxation  oscillators  by  one  leads  to  the 
considerable  elongation  of  the  pulse  edge. 

Page  300. 

5.7.  DIAGRAMS  OF  RELAXATION  OSCILLATORS  BUILT  ON  TUBES  WITH  SECONDARY 
EMISSION. 

Diagram  of  relaxation  oscillator  on  tube  with  secondary  emission, 
whose  analysis  was  given  above,  is  experimentally  investigated  [92]. 
All  data  of  the  entering  the  diagram  elements  are  cited  in  Fig.  5.18a. 
Diagram  was  assembled  on  tube  EFP-60,  which  has  the  following 
parameters:  £a-250  \J ,  £,=250  V-  £,=  -2  ,  .  /a=20  mo,  S»  =  25  mA/V, 

S.,=  I7  mA/V,  C„s- 0,2  pF,  cDUxa=6  pF,  CBuxa=n  pF.  Diagram  worked  in  the 
stagnation  mode,  which  was  achieved  by  the  supply  of  negative 
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voltage/stress  on  control  electrode  of  tube.  Diagram  was  started  up 
by  positive  pulses  with  an  amplitude  of  6  V,  supplied  to  the  grid 
circuit  through  the  small  separating  capacitance.  The  duration  of  the 
generatable  pulses  changed  by  changing  capacitance  value  of  block 
capacitor  C.  Output  pulse  was  removed/taken  from  the  load,  connected 
to  anode  circuit.  The  load  resistance/resistor  composed  only  of  10 
ohms,  and  the  amplitude  of  the  current,  which  flows  through  the  load, 
reached  la.  The  pulse  rise-time  was  equal  to  10  ns,  i.e.,  the 
steepness  of  front  composed  10’  V/s.  The  maximum  value  of  the  pulse 
of  dynode  voltage  was  200  V. 


) 
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Fig.  5.18.  Practical  diagrams  on  tubes  with  secondary  emission:  a) 
with  dynode-grid  connection/communication;  b)  with  anode-cathode 
connection/communication. 

Key :  ( 1 ) .  V .  ( 2 ) .  Output .  ( 3 ) .  Input . 

Page  301. 

Oscillator  circuit  of  pulses  on  tube  with  secondary  emission, 
which  has  connection/communication  anode  -  cathode,  is  investigated 
into  [93].  In  the  simplified  form  this  relaxation  oscillator  is 
depicted  in  Fig.  1.18b;  are  there  given  the  values  of  the  entering  the 
diagram  elements.  Generator  was  assembled  on  tube  EFP-60. 

Work  of  this  generator  occurs  as  follows.  In  the  initial  state 
the  tube  is  closed  on  control  electrode  by  the  source  of  negative 
voltage.  Trigger  pulse  of  positive  polarity  with  an  amplitude  of  5  V 
enters  control  electrode  and  is  opened/disclosed  tube.  The  absence  of 
the  connection  of  control  electrode  with  the  dynode  is  a  difference  in 
this  oscillator  circuit  from  preceding/previous.  Consequently,  to  the 
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input  capacitance  of  tube  the  output  capacitance  of  dynode  is  not 
added.  Thereby  relaxation  oscillator  can  be  started  from  the  pulsed 
source  with  high  output  resistance,  than  in  the  preceding  case. 

When  tube  is  open  due  to  presence  of  positive  feedback, 
avalanche-like  build-up/growth  of  anode  current  will  be  begun. 
Simultaneously  a  sharp  drop  in  the  anode  voltage  on  the  dynode  occurs 
with  this  in  the  diagram.  Rate  of  voltage  rise  on  the  dynode  is 
determined  by  the  quality  of  the  dynode  part  of  the  tube  and  is  of  the 
order  of  10*  V/s.  Output  voltage/stress  is  removed/taken  from  the 
dynode  and  has  the  same  polarity,  as  the  starting  voltage/stress.  The 
build-up/growth  of  anode  current,  as  in  the  preceding  case,  it  is 
limited  due  to  the  redistribution  of  the  cathode  current  between  the 
anode  and  the  grid. 

Pulse  generator  on. tubes  with  secondary  emission  was  investigated 
into  [91].  The  schematic  diagram  of  this  generator  is  given  in  Fig. 
5.19.  Trigger  pulses  are  fed/conducted  to  the  grid  of  the  first  tube 
with  the  secondary  emission,  which  works  as  amplifier.  The  intensive 
pulses  of  negative  polarity  enter  the  cathode  of  the  second  tube, 
which  is  strictly  feedback  oscillator  dynode  -  grid.  In  initial  state 
both  tubes  are  closed  by  the  bias  voltage,  introduced  into  the  grid 
circuit . 

Anode  of  first  tube  is  connected  with  cathode  of  the  second 
through  capacitance  so  that  when  positive  trigger  pulse  enters  grid  of 
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first  tube,  voltage  on  cathode  of  second  tube  will  be  negative. 

Page  302. 

In  the  cathode  circuit  of  the  second  tube  there  is  diode  1N98,' 
designation/purpose  of  which  is  the  maintenance  of  large  cathode 
impedance  until  trigger  pulse  transfers  tube  from  the  closed  state 
into  open.  The  duration  of  the  pulses,  generated  by  diagram,  is 
regulated  by  a  change  in  the  capacitance  of  the 

connection/communication  between  the  dynode  and  the  grid  within  the 
limits  from  25  ns  to  12.5  (is.  Output  pulse  is  removed/taken  from  the 
anode  of  the  third  tube.  The  pulse  amplitude  is  equal  to  17  V,  and 
maximum  repetition  frequency  10  MHz. 

L.  S.  Bartenev  [94]  proposed  for  decreasing  time  of  formation 
of  pulse  edge  to  replace  in  diagrams  by  tubes  with  secondary  emission 
linear  coupling  capacitor  nonlinear  (by  varicond).  Fig.  5.20  shows 
two  oscillator  circuits  with  a  dynode-grid  (a)  and  with  the 
anode-cathode  (b)  connection/communication.  The  equivalent  schematic 
of  these  generators  is  depicted  in  Fig.  5.21. 


.i 

'i 
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Fig.  5.19.  Oscillator  circuit  of  pulses  on  tubes  EFP-60. 

Key:  (1).  uH.  (2).  V. 

Page  303. 

On  this  diagram  /?„  -  the  load  resistance/resistor  in  the  circuit  of 
dynode  (or  the  anode);  r,  -  resistor/resistance  of  drain  circuit,  the 
considering  resistor/resistance  of  section  grid  -  cathode  with  the 
positive  grid  voltages  in  the  diagram  (Fig.  5.20a);  for  the  diagram 
(Fig.  5.20b)  R,  there  is  input  resistance  of  cathode  circuit;  Ctl  - 
stray  capacitance  dynode  -  the  earth/ground  (or  the  anode  -  the 
earth/ground);  C»  a  -  parasitic  grid  capacitance  -  earth/ground;  /?,  - 
anode  resistance  in  the  section  dynode  -  cathode  (or  the  anode  - 
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cathode) . 

Coupling  capacitor  c.-»  is  delivered  in  such  conditions,  with 
which  its  capacitance  sharply  decreases  in  process  of  formation  of 
pulse  edge. 

Page  304. 

Because  of  this  the  effect  of  grid  circuit  on  the  dynode  (Fig.  5.20a) 
substantially  decreases,  decreases  the  current  strength,  which  is 
branched/shunted  into  the  grid  circuit  and  is  accelerated  the  charge 
of  stray  capacitance  C, t .  The  steepness  of  the  edge  of  the  pulse  of 
dynode  voltage/stress  is  more  than  in  the  diagrams  with  the  constant 
capacitance  of  connection/communication.  In  the  process  of  the 
formation  of  the  shear/section  of  pulse  capacitance  ccl)  increases, 
which  leads  to  an  increase  in  the  duration  of  the  shear/section  of 
pulse.  Since  average/mean  (for  the  time  of  the  pulse  duration) 
capacitance  of  nonlinear  capacitor  is  lower  than  the  capacitance 
capacitor  constant  (when  Cn<,cT  =  Cncw  with  t^O),  then  the  pulse  duration 
in  the  diagrams  with  the  nonlinear  capacitors  is  obtained  somewhat 
less  than  in  the  diagram  with  capacitor  constant  of 
connect  ion/communication . 


DOC  =  88076717 


PAGE 


X 


Fig.  5.20.  Oscillator  circuits  with  nonlinear  capacitance:  a)  with 
dynode-grid  connection;  b)  with  anode-cathode  connection; 

Key :  ( 1 ) .  . 


ice  Ca 


Page  305. 

Replacement  capacitor  constant  of  connect ion/convmunication  by 
variable,  without  complicating  substantially  oscillator  circuit,  gives 
gain  in  the  steepness  of  the  front  of  output  pulse  on  20-25%,  which 
was  confirmed  by  experiment. 


5.8.  RELAXATION  OSCILLATORS  OF  TYPE  OF  MULTIVIBRATOR. 
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By  relaxation  oscillators  of  type  of  multivibrator  here  are 
understood  usual  schematics  of  multivibrators,  reactive/ jet  start-up 
circuits,  diagrams,  which  contain  supplementary  tube,  etc.  Twin-tube 
rheostat  re-generative  amplifier  is  the  basis  of  these  diagrams. 
Relaxation  oscillators  of  the  type  of  multivibrator  in  the  technology 
of  nanosecond  pulses  are  of  interest  mainly  as  the  sources  of  voltage 
gradients  with  the  steep  fronts,  which  make  it  possible  as  a  result  of 
the  subsequent  conversions  to  obtain  the  pulses  of  short  duration. 

Let  us  examine  processes,  which  occur  in  schematic  of 
multivibrator  during  its  switching.  The  designations,  accepted 
subsequently,  they  are  shown  in  Fig.  5.22.  During  the  supplying  to 
the  grid  of  the  first  tube  of  the  multivibrator  of  a  single  voltage 
gradient,  the  voltage  on  it  will  be 

(0  =  1  (/)  +  §*„(/),  (5.18) 

n^\ 

where  /\„<0  -  transient  response  n  of  the  series-connected  K-circuits. 
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Fig.  5.22.  Schematic  diagram  of  multivibrator. 

Page  306. 

In  case  in  question  transient  response  of  K-circuit  is  transient 
response  of  two-stage  resistance-coupled  amplifier 


where  K„=  SRa\  t  =  C0/?a. 

Realizing  (n-1) — fold  fold,  we  will  obtain 


2/1—1 


*=i  J  J 


Substituting  (5.19)  in  (5.18)  and  producing  addition,  we  obtain 

*c(0=l(04-~ -p  [1_e_r  (ch^/+^sh^0]- 


With  K,»l  this  expression  takes  form 


) 


Ac  (/)  =  ch  \t. 
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Multivibrator  and  diagrams  with  KC>>1  allied  to  it  relate  to 
relaxation  oscillators  II. 

Calculation  of  duration  of  pulse  edges,  developed  by  relaxation 

oscillator  II,  can  be  performed  in  the  same  order,  that  also  in  the 

case  of  relaxation  oscillator  I,  only  switch  time  should  be  designed 

from  formula  .  _ 

'„  =  T,n(  v/.  +  /l-Hv/#)*J. 


Let  us  give  example  of  calculation  of  duration  of  pulse  edges  at 
input  of  relaxation  oscillator  II  on  tubes  6Zh9P,  for  which  S=18.5 
mA/V,  C,=18  pF,  so  that  i»=10*  Hz.  Let  us  assume 


Key:  (1).  ns. 


/„  {nceK]  |  10J  |  10*  |  10, 
In  [ %K\  \  7,6  1  5,2  I  3,0. 


We  accept  anodic  resistor/resistance  to  equal  to  100  ohms 
(condition  of  self-excitation  in  this  case  it  is  fulfilled),  then 
=  ns  and  auxiliary  parameter 


*n  |  4,2  |  2,9  l  1,7. 
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To  these  values  ,v„  corresponds  duration  of  front 

/«,  \hcck\  I  9.0  I  7,2  I  5,0. 

Key :  ( 1 ) .  ns . 

When  15o  v/ into  current  of  anode  of  tube  6Zh9P  it  is  45  mA. 

The  pulse  amplitude  on  the  load  in  this  case  there  will  be  4.5  V,  and 
the  steepness  of  the  edges  of  the  pulses 

S„,  $CCK]  ;  0,50-10"  i  0,02-10“  |  0,80-10’. 

Key:  (1).  V/s. 

Is  increased  load  resistance/resistor  to  1  kilohms,  then  *a=18 
ns  and  parameter 

.v„  |  0,12  )  0,29  |  0,17. 


In  this  case  =  2.3t  =  42  ns  independent  of  rn-  The  pulse  amplitude 
at  the  output  will  be  equal  to  45  V,  and  the  steepness  of  their  fronts 
rises  to  1. 07*10’  V/s. 


As  can  be  seen  from  this  example,  increase  in  pulse  amplitude 
with  increase  in  load  occurs  more  rapidly  than  increase  of  duration  of 
front.  This  phenomenon  occurs  only  until  the  time  constant  of  output 
circuit  is  low  or  one  value  with  the  switch  time  of  relaxation 
oscillator.  When  a-„  it  becomes  less  than  one,  the  steepness  of  the 
pulse  edges  at  the  output  in  practice  reaches  its  maximum  value  and 


3 
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with  further  increase  in  the  load  resistance/resistor  it  does  not 
grow/rise.  With  the  short  switch  time  the  duration  of  the  pulse  edges 
at  the  output  is  determined  in  essence  of  the  time  constant  of  output 
circuit,  namely  4-2, 3t.  However,  the  steepness  of  fronts  in  this  case 

c  _ .  a  30  - “  s*»-  0  30 


depends  only  on  the  ratio  of  the  anode  current  of  tube  (when£c=0)  to 
stray  capacitance  and  it  does  not  depend  on  the  load 
resistance/resistor. 


As  it  was  said  above,  with  short  switch  time  duration  of  pulse 
edges  is  determined  in  essence  of  time  constant  of  output  circuit.  In 
order  to  raise  the  steepness  of  the  pulse  edges  at  the  output  of 
schematics  of  the  type  of  multivibrator,  there  was  proposed  [95]  to 
carry  out  a  charge  of  the  output  tube  through  the  tube  with  the 
secondary  emission. 
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For  this  purpose  in  parallel  to  output  tube  is  connected  tube 
with  secondary  emission  in  the  manner  that  this  is  shown  in  Fig.  5.23. 
Dynode  L,  is  connected  to  anode  La,  and  the  anode  -  to  the  power 
supply.  Control  grid  of  tube  with  secondary  emission  is  grounded,  and 
resistor/resistance  is  connected  to  cathode.  The  cathode  of  the  third 
tube  is  connected  with  the  anode  of  the  first  tube  through  the 
transient  capacitance. 

Work  of  this  diagram  occurs  as  follows.  When  the  first  tube 
opens,  voltage  on  its  anode  falls.  Negative  drop  in  the  voltage  from 
the  anode  of  the  first  tube  falls  on  the  grid  of  the  second  tube  and 
cuts  off  it.  Simultaneously  the  same  voltage/stress  enters  the 
cathode  of  the  third  tube  and  opens  this  tube.  In  the  circuit  the 
stray  capacitance  which  shunts  the  load  of  the  second  tube,  begins  to 
be  charged.  This  capacitance  is  charged  not  only  through  the 
resistance/resistor  of  load  Ra2  from  the  power  supply,  but  also 
through  the  resistor/resistance  of  section  the  anode  -  dynode  of  the 
third  tube.  Since  the  second  resistor/resistance  much  less  /?n2l 
capacitance  is  charged  considerably  more  rapid  than  in  the  schematic 
of  usual  multivibrator  despite  the  fact  that  the  value  of  stray 
capacitance  in  the  described  diagram  increases  due  to  the  capacitance 
of  dynode. 
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of  multivibrator  for  accelerating  charge  of  stray  capacitances. 

Page  309. 

Since  additional  path  besides  path  through  load 
resistance/resistor  is  created  for  charging  capacitance,  this 
resistor/resistance  can  be  made  as  large  as  desired  without  damage  for 
duration  of  pulse  edges.  Therefore  the  schematics  of  the 
multivibrators,  in  which  besides  usual  tubes  are  used  the  tubes  with 
the  secondary  emission,  make  it  possible  to  obtain  pulses 
high-amplitude. 

Triggering/opening  of  second  tube  occurs  at  moment  of  formation 
of  shear/section  of  pulses  in  diagram.  Voltage  on  its  anode  falls  and 
its  negative  drop/ jump  cuts  off  the  first  of  tube.  In  turn,  the 
closing  of  the  first  tube  leads  to  an  increase  in  the  voltage  on  its 
anode.  A  positive  drop/jump  in  the  anode  voltage  enters  the  cathode 
of  the  third  tube  and  cuts  off  it.  Thus,  in  the  process  of  the 
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formation  of  the  shear/section  of  pulse  the  third  tube  does  not 
participate.  The  capacitance,  which  shunts  the  load  of  output 
(second)  tube,  is  discharged  through  this  tube.  The  pulse  edge  in 
this  diagram  is  steeper/more  abrupt  than  shear/section,  since  the  time 
constant  of  the  circuit  of  charge  proves  to  be  less  than  the  time 
constant  of  discharge  circuit. 

Results  of  experimental  study  of  series/row  of  schematics  of 
multivibrators,  which  use  tubes  with  secondary  emission,  are  given  in 
[96].  One  of  the  diagrams  is  depicted  in  Fig.  5.24. 
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Fig.  5.24.  Schematic  of  multivibrator,  which  contains  tube  with 
secondary  emission. 

Page  310. 

It  differs  from  the  diagram,  proposed  by  Craybill  in  that  here  the 
grid  of  tube  with  the  secondary  emission  is  directly  connected  to  the 
grid  of  the  first  tube.  The  principle  of  the  operation  of  diagram 
remains  the  same.  The  load  resistance/resistor  in  the  diagram  was 
undertaken  equal  to  100  kilohms.  Diagram  worked  at  frequencies  of 
pulse  repetition  to  30  kHz.  'Xh'% able  5.2  are  given  the  results  of  the 
experimental  investigation  of  this  diagram.  Here  F,t,  -  time,  necessary 
for  the  increase  of  voltage/stress  to  1  V  (value,  inverse  of  impedance 
of  the  pulse  edge).  Since  measuring  meter  introduced  supplementary 
capacitance  into  the  diagram,  then  data  for  />  1W  were  cited  taking 
into  account  the  effect  only  of  the  self-capacitance  of  the  diagrams, 
i.e.,  data,  which  would  be  observed  in  the  presence  of  ideal  measuring 
meter. 

Considerably  best  results  were  obtained  upon  start  of  tube  with 
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secondary  emission  according  to  diagram,  shown  in  Fig.  5.25.  In  this 
diagram  is  achieved/reached  the  decrease  of  stray  capacitance,  which 
shunts  the  plate  load  of  output  tube,  fact  that  the  anode  of  the 
second  tube  on  is  connected  with  the  grid  of  the  first  tube.  Thus, 
stray  capacitance  proved  to  be  reduced  by  the  value  of  input 
capacitance  of  the  first  tube.  During  the  use  of  tubes  EFP-60  in  this 
diagram  were  obtained  the  results,  given  in  'f'able  5.3. 
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Besides  diagrams,  in  which  tubes  with  secondary  emission  are 
utilized  for  accelerating  charge  of  output  capacitance,  widely  are 
used  diagrams,  in  which  such  tubes  serve  for  starting/launching  of 
diagrams,  assembled  on  usual  tubes,  for  example  for  starting/launching 
of  diagrams  of  multivibrators,  blocking  oscillators,  etc.  Application 
of  tubes  with  the  secondary  emission  for  these  purposes  gives 
noticeable  gain. 


Fig.  5.26  and  5.27  give  two  schematics  of  multivibrators, 
investigated  into  [97],  Multivibrator  is  assembled  on  the  tubes  6J6, 
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equivalent  6N15P.  As  separative  element  in  the  first  diagram  are 
utilized  the  batteries,  and  secondly  -  gas-filled  diodes  of  the  type 
5651. 
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Fig.  5.25.  Improved  schematic  of  multivibrator,  which  contains  tube 


with  secondary  emission. 
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Fig.  5.26.  First  schematic  of  multivibrator  with  starting/launching 
from  generator  on  tubes  with  secondary  emission. 

Key:  (1).  \J  .  (2).  Jnput. 

Page  312. 

For  the  starting/launching  of  diagram  are  utilized  the  tubes  with 
secondary  emission  EFP-60.  The  absence  of  condensers  as  separative 
elements  makes  it  possible  to  substantially  reduce  the  duration  of  the 
generatable  pulses.  Thus,  in  the  first  diagram  the  duration  of  the 
generatable  pulses  is  5  ns,  and  in  second  2  ns.  The  minimum  time, 
which  divides  two  pulses  and  characteristic  triggering  times  of 
diagram,  comprises  for  both  diagrams  50  ns;  therefore  diagrams  can 
work  with  the  high  repetition  frequencies,  which  reach  to  1  MHz  and 
limited  only  by  dissipated  power  on  the  electrodes  of  tubes.  The 
amplitude  of  output  pulses  is  obtained  about  15  V. 


5 73 
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It  is  indicated  in  [95],  that  in  diagram,  assembled  on  tube  EL-41 
and  tube  with  secondary  emission  EFP-60  it  is  possible  to  obtain 
pulses  with  steepness  of  front  of  I0t0  V/s.  The  pulse  amplitudes  in 
this  case  were  limited  to  the  permissible  value  of  electrode  voltage. 

In  the  described  diagram  with  supply  voltage  of  700  V  it  is  possible 
to  obtain  the  amplitude  of  pulses  of  400  V. 
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Fig.  5.27.  Second  schematic  of  multivibrator  with  starting/launching 
from  generator  on  tubes  with  secondary  emission. 

Key:  (1).  V.  (2).  Input. 

Page  313. 

Let  us  conduct  calculation  of  steepness  of  pulse  edges  at  output 
of  this  diagram,  assuming  that  first  two  tubes  in  it  -  6Zh9P,  and 
third  tube  -  6V1P.  In  the  pulsed  operation  the  current  of  the  anode 
6V1P  is  1  &  when  £.,==500  V  and  £a=150  V,  which  makes  it  possible  to 
consider  the  resistor/resistance  of  section  anode  -  dynode  for  the 
equal  to  350  ohms.  Stray  capacitance,  which  shunts  the  load  of  output 
tube,  is  approximately  equal  to  18  pF.  Then  switch  time  at  different 
starting  velocities  comprises,  as  this  was  calculated  earlier, 

t„  {iiccK 1  j  7,0  |  5,2  |  3,0. 


Key:  (1).  ns 
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For  r=350  ohms  xl8  l0-’5  f  =6.3  ns,  the  parameter 

a„  |  1.2  |  0.83  |  0.48. 

« 

Whence  duration  of  front 

/*  (ncetc]  |  18  |  16  |  15. 

Key:  (1).  ns. 

Amplitude  of  output  pulses  is  determined  by  permissible  value  of 
drop/ jump  in  electrode  voltage  of  tubes.  Assuming  that  this  drop/ jump 
can  be  200  V,  we  obtain,  that  the  steepness  of  the  pulse  edges  at  the 
output  of  diagram  will  be  JO10  V/s. 

Schematic  of  multivibrator,  which  generates  pulses  of  nanosecond 
duration,  is  given  in  [98]. 
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multivibrator. 

Page  314. 

With  the  best  fulfillment  of  diagram  and  during  the  use  of  tube?  with 
the  high  quality,  the  multivibrators  make  it  possible  to  obtain  pulses 
by  duration  to  100  ns.  In  order  to  decrease  the  pulse  duration,  it  is 
proposed  to  supply  the  cathode  follower  in  the  coupling  circuit  (Fig. 
5.28).  In  this  case  two  advantages  are  obtained.  First,  the 
capacitance  which  shunts  the  resistor  of  the  plate  load  of  the  first 
tube  decreases,  since  cathode  follower  has  considerably  smaller  input 
capacitance  than  the  second  tube  of  multivibrator,  whose  load  is 
connected  to  the  anode.  In  the  second  place,  the  grid  circuit  of  the 
second  tube  is  low-resistance,  since  leakage  resistance  of  the  grid  of 
the  second  tube  in  this  case  is  equal  to  the  input  resistance  of 
cathode  follower.  The  decrease  of  resistor/resistance  is  useful  in 
that  sense,  that  in  this  case  decreases  the  ill  effect  of  capacitance 


DOC  =  88076718 


57  7 

PAGE 

Cac  of  the  second  tube.  The  diagram  of  cathode  follower  can  be 
improved  by  the  installation  of  supplementary  tube  (Fig.  5.29). 

Anodes  of  both  tubes  cophasally  are  controlled  by  input  voltage. 
Therefore  besides  the  decrease  of  capacitance  Cc„  of  lower  triode, 
which  occurs  in  the  usual  diagram  of  cathode  follower,  decreases 
capacitance  cac  (also  in  lower  triode),  which  also  facilitates  the 
work  of  the  first  tube  of  multivibrator. 

To  schematic  of  multivibrator  must  be  premised  forming 
cascade/stage,  which  develops  trigger  pulse.  The  oscillator  circuit 
of  pulses  is  given  in  Fig.  5.30.  Trigger  pulses  are  supplied  to  the 
grid  LXil  and  are  amplified  by  this  tube.  Diode  in  the  grid  circuit 
L V  serves  in  order  to  limit  the  pulse  amplitude,  in  order  to  remove 

m 

the  effect  of  the  start-up  stage  on  the  work  of  multivibrator,  the 
capacitance  of  connect ion/communicat ion  must  be  very  small  (in  the 
diagram  10  pF) . 
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Fig.  5.29.  Improved  diagram  for  decoupling  of  input  and  output  tubes 
in  multivibrator. 
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Fig.  5.30.  Schematic  of  multivibrator,  which  generates  nanosecond 
pulses. 

Key:  (1).  V. 

Page  316. 

Diodes  in  the  coupling  circuit  serve  in  order  to  have  the  capability 

to  work  by  pulses  of  both  polarities,  and  also  for  the  fastest 

discharge  of  capacitance  C,  which  connects  the  anode  of  the  second 

tube  of  multivibrator  La-,  with  the  grid  L, .  This  capacitance,  equal 

to  5  pF,  determines  the  pulse  duration.  The  pulse,  removed  from  the 

anode  La,  has  bell-shaped  form.  The  diagram,  the  data  of  which  are 

cited  in  Fig.  5.30,  generated  pulses  with  a  duration  of  35  ns  at  the 

level  of  half  of  amplitude.  The  pulse  amplitude  was  9  V.  The  pulse 

repetition  frequency  was  equal  to  1  MHz,  and  in  the  auto-oscillating 
mode  it  reached  several  megahertz. 
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CHAPTER  SIX. 

PULSING  IN  CIRCUITS  WITH  INDUCTIVE  FEEDBACK.  RECIRCULATORS. 

6.1.  Pulsing  in  diagrams  with  inductive  feedback  (blocking 
oscillators ) . 

Method,  based  on  use  of  single-tube  diagrams  with  inductive 

feedback,  is  one  of  most  known  and  effective  methods  of  pulsing  of 

nanosecond  duration.  Such  diagrams  are  called  usually  blocking 

oscillators.  Blocking  oscillators  make  it  possible  to  obtain  in  the 

mode  of  auto-oscillations  pulses  with  duration  into  tens  of 

•  # 

nanoseconds  with  an  amplitude  of  about  100  V.  The  special  diagrams  of 
the  blocking  oscillators,  in  which  is  utilized  consecutive  peaking  or 
starting/launching  from  the  tubes  with  the  secondary  emission,  make  it 
possible  to  form/shape  pulses  with  duration  into  the  units  of 
nanoseconds . 

Process  of  impulse  shaping  diagrams  with  inductive  feedback  is 
analogous  to  process  of  impulse  shaping  in  single-tube  diagrams  on 
tubes  with  secondary  emission.  The  tube  of  blocking  oscillator  works 
under  these  conditions,  in  which  at  the  moment  of  pulse  advancing  on 
its  grid  appears  large  positive  voltage  and  in  the  tube  occurs  the 
redistribution  of  the  cathode  current  between  the  anode  and  the  grid. 
Another  special  feature  of  blocking  oscillator  is  the  presence  in  it 
of  the  transformer,  whose  parameters  also  affect  the  shape  of  pulses, 
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the  duration  of  their  fronts,  etc. 

Page  318. 

Considerable  role  here  play  the  processes,  which  occur  in  the 
transformer  core:  the  process  of  the  magnetization  of  core, 
phenomenon  of  eddy  currents,  etc.  All  these  facts  very  complicate  the 
analysis  of  the  work  of  blocking  oscillator,  especially  in  the  range, 
the  nanosecond  pulses,  where  the  duration  of  pulses  themselves  is 
frequently  determined  by  the  duration  of  their  front  and 
shear/section. 

Let  us  examine  process  of  impulse  shaping  in  blocking  oscillator, 
whose  schematic  diagram  is  depicted  in  Fig.  6.1. 

Description  of  work  of  blocking  oscillator  let  us  begin  from 
moment  of  time  t2,  when  tube  opens  and  voltage  on  its  grid  is  equal  to 
Eaan  (Fig.  6.2).  At  this  moment  the  loop  of  feedback  proves  to  be 
locked.  Grid  voltage  of  tube  begins  to  increase  more  rapidly  and, 
when  the  transmission  gain  on  the  closed  loop  of  feedback  becomes  more 
than  one,  the  increase  of  voltage  acquires  avalanche-like  nature.  Up 
to  moment  of  time  t2  the  grid  voltage  of  tube  attains  maximum;  it 
approximately  at  the  same  time  reaches  maximum  and  the  pulse  of  anode 
current.  For  the  time  of  the  formation  of  the  pulse  edge  the  grid 
voltage  of  the  tube  of  blocking  oscillator  varies  from  cutoff  voltage 
to  its  maximum  value. 
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Increase  of  grid  voltage  leads  to  sharp  increase  in  current  of 
control  electrode,  which  becomes  comparable  with  anode  current.  Since 
an  increase  in  the  current  occurs  due  to  the  redistribution  of  the 
cathode  current  between  the  anode  and  the  grid,  the 
slope/transconductance  of  anode  current  and,  therefore,  the 
transmission  gain  along  the  closed  loop  of  feedback  fall  and  this 
incidence/drop  occurs  until  in  the  diagram  avalanche-like  process  is 
discontinued.  Thus,  the  limitedness  of  the  cathode  current  of  tube 
blocks  the  infinite  development  of  avalanche-like  process. 
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Fig.  6.1.  Schematic  diagram  of  blocking  oscillator. 

Page  319. 

In  blocking  oscillator  feedback  loop  remains  locked  during  entire 
process  of  impulse  shaping;  however,  after  grid  voltage  achieved  its 
maximum,  parameters  of  tube  so  changed  that  slope/transconductance  of 
plate  characteristic  proves  to  be  insufficient  for  onset  of 
avalanche-like  process.  The  process  of  shaping  of  pulse  apex  occurs 
at  this  time  in  the  diagram.  As  soon  as  grid  current  in  the  tube 
appeared,  the  charge  of  capacitance  Cm  begins.  The  charge  of  this 
capacitance  causes  the  decrease  of  grid  voltage  of  tube  and  the 
displacement  of  operating  point  over  the  grid-plate  characteristic. 
Since  mutual  conductance  of  tube  in  the  region  of  redistributing  the 
currents  is  small,  the  grid  voltage  of  tube  must  change  to  the 
sufficiently  high  value  so  that  the  operating  point  would  go  down 
according  to  the  characteristic  of  tube  in  the  section  with  the  large 
slope/transconductance,  where  the  transmission  factor  on  the  closed 
loop  of  feedback  again  would  become  more  than  one.  At  point  in  time 
t,  concludes  the  stage  of  shaping  of  apex/vertex  and  reverse 
avalanche-like  process  begins. 
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As  a  result  of  close  coupling  between  anode  and  grid  circuits 
decrease  of  anode  current  leads  to  appearance  in  grid  circuit  of  emf 
of  mutual  induction,  which  has  negative  polarity.  Anode  current 
begins  to  decrease  with  the  ever-growing  rate  and  through  the  small 
time  interval  it  drops  to  zero.  Tube  is  closed  also  at  the  moment  of 
time  t4  concludes  the  process  of  impulse  shaping.  Subsequently  in  the 
diagram  occurs  the  discharge  of  capacitance  cCD  through 
resistor/resistance  Re¬ 
in  Fig.  6.2  oscillograms  of  voltages  and  currents  in  blocking 


oscillator  are  given. 
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Fig.  6.2.  Oscillograms  of  currents  and  voltages/stresses  in  blocking 
oscillator. 

Page  320. 

The  curve  a  depicts  a  change  in  the  voltage/stress  on  capacitance 
In  the  period  of  impulse  shaping  the  capacitor  is  charged  by  the  grid 
current  of  tube,  while  during  the  entire  remaining  part  of  the  period 
it  is  discharged  through  resistor/resistance  Crn.  The  grid  voltage  of 
tube,  shown  curved  b,  is  the  algebraic  sum  of  the  anode  voltage, 
transformed  into  the  grid  circuit,  and  voltage  across  capacitor  Rc 

Grid  voltage  of  tube,  shown  curved  b,  is  algebraic  sum  of  anode 
voltage,  transformed  into  grid  circuit,  and  voltage  across  capacitor 
Cr After  the  passage  of  the  shear/section  of  pulse  of  the  grid 
voltage  becomes  negative  due  to  emf  of  mutual  induction,  induced 
from  the  anode  circuit.  Subseo_uently  the  grid  voltage  Increases 
exponentially,  trying  to  achieve  the  cutoff  voltage  of  tube.  The 
curve  c  presents  the  pulse  of  anode  current,  and  curve  d  -  pulse  of 
anode  voltage.  The 
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oscillation  of  anode  voltage  after  pulse  advancing  is  caused  by  the 
collision  excitation  of  parasitic  oscillatory  circuit. 

From  point  of  view  of  possibility  of  obtaining  very  narrow  pulses 
in  examination  of  process  of  work  of  blocking  oscillator  there  is 
greatest  interest  in  question  about  duration  of  generatable  pulses  and 
duration  of  their  fronts.  The  duration  of  the  pulses,  generated  by 
blocking  oscillator,  is  determined  by  the  time  of  the  charge  of 
capacitance  c,n.  In  the  computations  of  this  time,  Ya.  S.  Itskhoki 
[36]  it  proceeded  from  the  equivalent  diagram  of  grid  circuit, 
represented  in  Fig.  6.3.  The  grid  voltage  of  tube  is  composed  of 
voltage  on  the  grid  winding  of  transformer,  which  can  be  considered 
constant  during  the  duration  of  the  pulse  (when  the  primary  inductance 
of  transformer  is  sufficiently  great),  and  voltage/stress  on 
capacitance  ex¬ 
change  in  grid  voltage  is  equal  to  force  of  constancy  of 
voltage/stress  on  grid  winding  of  transformer  and  it  is  opposite  on 
sign  to  change  in  voltage  across  capacitor. 
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Pig.  6.3.  Diagram  of  input  circuit  of  blocking  oscillator. 


Page  321. 

The  grid  voltage  falls  with  the  charge  of  capacitance;  this  decrease 
occurs  until  operating  point  passes  in  the  section  of  characteristic 
with  the  slope/transconductance,  sufficient  for  the  onset  of 
avalanche-like  process.  The  less  capacitance  value  c\B  and  the  less 
the  resistor/resistance  of  charging  circuit,  the  more  rapidly  will 
fall  the  grid  voltage  of  up  to  the  value,  which  causes  the  onset  of 
avalanche-like  process  and  the  shorter  the  pulse  duration  will  be. 
Ya.  S.  Itskhoki  gives  the  following  approximation  formula  for 
determining  the  pulse  duration  in  the  blocking  oscillator: 


where  uc  waHC  -  maximum  grid  voltage, 
/ c  h.hc  -  maximum  grid  current. 


However,  as  far  as  duration  of  edges  of  pulses  generated  by 

blocking  oscillator  is  concerned,  Ya.  Itskhoki  proposes  to 

/,),  ~  2C,  — — - , 

•  •  ■  NIKC 

determine  it  according  to  formula  t  where  C,  -  stray  capacitance  of 


DOC  =  88076718 


5^8 

PAGE  "2^ 


diagram,  in  reference  to  grid  circuit. 

6.2.  Duration  of  the  pulse  edges  in  the  blocking  oscillator. 

For  answering  question  about  duration  of  pulse  edges,  developed 
by  blocking  oscillator,  in  the  first  approximation,  following  path  can 
be  accepted.  We  approximate  the  anodic  and  grid  characteristics  of 
tube  in  the  manner  that  it  is  shown  in  Fig.  6.4.  Let  us  accept 
further,  that  the  transformer  is  ideal,  i.e.,  affects  neither  the  form 
of  pulse  apex  nor  the  duration  of  its  front.  Then  the  equivalent 
diagram  of  the  anode  circuit  of  blocking  oscillator  can  be  represented 
in  the  form,  depicted  in  Fig.  6.5. 


) 
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Fig.  6.4.  Approximation  of  characteristics  of  tube  of  blocking 
oscillator. 

Page  322. 

On  this  diagram  u  and  /?,  -  parameters  of  tube,  C„  -  total  stray 
capacitance,  in  reference  to  anode  circuit,  R  -  converted  into  anode 
circuit  resistor/resistance  of  section  grid  -  cathode  of  tube. 

We  will  consider  that  voltage/stress  of  synchronization  is 
introduced  into  grid  circuit  of  tube  consecutively/serially  and  that 
resistor/resistance  of  source  of  signals  of  synchronization  is 
negligibly  small.  In  this  case  grid  voltage  of  the  tube  of  the 
blocking  oscillator 

tfc(0==W«^)  +  Ho6(0.  (6-1) 


where  u,(t)  -  input  voltage; 

u„c(0  -  voltage/stress  of  feedback. 

Voltage  drop  across  capacitor  Cci(  can  be  disregarded/neglected  in 
form  of  short  duration  of  pulse  edge.  Let  us  designate  the 
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transformation  ratio  of  the  transformer 


where  wa  -  number  of  turns  of  anodic  winding; 

wc  -  number  of  turns  of  grid  winding,  and  let  us  consider  that 

«oG  (0=— 


In  view  of  linearity  of  response  of  tube 

t 

«.  (0  =  —  j  Uc  (t  -  5)  dAK  (5),  (6.2) 

0 

where  AK(t)  -  transient  response  of  circuit,  depicted  in  Fig.  6.5. 
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Fig.  6.5.  Equivalent  diagram  of  anode  circuit  of  blocking  oscillator. 
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It  is  easy  to  be  convinced  of  the  fact  that 


where 


A"  W.H-Af’ 
r 

x-  R  +  Ri' 


Substituting  (6.2)  in  (6.1)  on  the  basis  of  preceding/previous 
formula  and  assuming  that  u„(t)  has  form  of  unit  function,  we  obtain 
integral  equation  of  Volterra  of  2nd  order 

u c  (0  —  l  V  -  ')  dAK  1  (/K 


Let  us  represent  solution  of  this  equation  in  the  form 


uc(()--AcU)^  + 


where  AKk(t)  -  transient  response  k  of  series-connected  K-circuits: 
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Hence  it  follows  that  blocking  oscillator  under  condition  K„/n>>l 
and  in  presence  of  ideal  transformer  is  relaxation  oscillator  I. 

Page  324. 

Let  us  note  that  value  v/n  is  a  quality  of  tube  in  the  diagram  and  in 
the  more  demonstrative  form  can  be  expressed  thus: 

_  ■> _ _  nS  _ i  n 

n  nC„  C,-\-ri‘Ct  C,  1  -|-  /j=-rj  ’ 

r 

where  C,  -  capacitance  of  the  anodic  winding  of  transformer 

together  with  the  output  capacitance  of  tube  and  the  wiring 
capacitance,  and  Ca  -  capacitance  of  the  grid  winding  of  transformer 
together  with  the  input  capacitance  of  tube  and  the  wiring 
capacitance. 


) 
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Investigating  expression  for  quality  of  tube  to  maximum  as 
function  of  transformation  ratio,  let  us  find  that  its  optimum  value 
it  will  be: 

-I  _  s  i 
n  Im&k c  VT‘ 


For  determining  duration  of  pulse  edges  in  blocking  oscillator 
can  be  used  the  same  method,  as  for  diagrams  on  tubes  with  secondary 
emission.  Since  the  equations  of  the  transient  responses  of  blocking 
oscillator  and  diagram  on  the  tube  with  the  secondary  emission  are 
analogous,  the  switch  time  of  blocking  oscillator  can  be  recorded 
thus: 


where  t0  -  time,  during  which  the  linearly  increasing  voltage/stress 
changes  to  value  Ep  (Fig.  6.4). 

If  we  consider  (as  this  it  was  accepted  in  the  beginning)  that 
transformer  of  blocking  oscillator  has  negligible  leakage  inductance, 
then  duration  of  front  of  anode  voltage  can  be  determined  according  to 
formula 

'•.-'(2.3+m^). 


where  x 


time  constant  of  anode  circuit. 
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Time  constant  r  is  equal  to  product  of  total  stray  capacitance, 
which  shunts  anode  circuit  of  tube,  to  output  resistance  of  diagram. 
Capacitance  is  composed  of  the  output  capacitance  of  tube  and  by  that 
converted  from  the  grid  circuit  into  the  anodic  input  capacitance  of 
tube,  and  also  from  the  capacitance  of  the  windings  of  transformer. 
Output  resistance  of  diagram  is  the  parallel  connection  of  anode 
resistance  and  converted  into  the  anode  circuit  of  resistor/resistance 
section  grid  -  cathode  of  tube. 

6.3.  Impulse  shaping  of  short  duration. 

In  preceding/previous  sections  it  was  assumed  that  parameters  of 
circuit  of  blocking  oscillator  can  be  divided  into  "small",  that  play 
significant  role  in  process  of  formation  of  front  and  shear/section  of 
pulse  (leakage  inductance  of  transformer,  stray  capacitances),  and 
"large",  that  have  vital  importance  with  shaping  of  pulse  apex 
(inductance  of  magnetization  of  transformer,  working  capacitance). 

This  separation  correctly  when  blocking  oscillator  is  utilized  for  the 
impulse  shaping  of  relatively  larger  duration,  but  having  steep  front 
and  shear/section;  the  pulses  of  nanosecond  duration  they  are  obtained 
of  them  by  the  subsequent  conversion.  With  the  direct  impulse  shaping 
of  short  duration  in  the  blocking  oscillators  this  separation  is 
impossible,  since  each  parameters  simultaneously  affect  both  the 
processes  of  forming  of  front  and  shear/section  and  the  process  of 
forming  the  apex/vertex.  Therefore  during  the  analysis  of  nanosecond 
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blocking  oscillators  it  is  necessary  to  proceed  from  the  equivalent 
diagram,  which  considers  the  -low"  and  ’high-  parameters. 
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Fig.  6.6.  Equivalent  diagram  of  blocking  oscillator,  which  forms 
pulses  of  nanosecond  duration. 
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Yu.  P.  Mel'nikov  and  S.  Shats  [99,  100]  conducted  research 

of  blocking  oscillator  in  the  mode  of  the  impulse  shaping  of  short 
duration,  on  the  basis  of  the  equivalent  diagram,  represented  in  Fig. 
6.6.  In  this  figure  through  A  and  G  are  designated  the  nonlinear 
two-terminal  networks,  whose  properties  are  described  by  dynamic 
characteristics  for  anodic  A  and  grid  G  of  the  circuits  of  tube.  R 
indicates  the  resistance/resistor  of  the  load,  connected  to  the  anode 
circuit  of  transformer,  taking  into  account  the  resistor/resistance  of 
core  loss  of  transformer,  L  is  inductance  of  the  magnetization  of 
transformer,  ca=C1+n3C 2.  -  total  stray  capacitance  of  anode 

circuit,  C2  -  grid  circuit;  C  -  working  capacitance,  n=~. 


Using  dog-leg  approximation  of  dynamic  characteristics  of  tube, 
authors  compile  differential  equation  for  interval  of  time,  during 
which  is  formed/shaped  pulse  edge: 


licit  -f  nC  <~jj~  Sui  (it  —  J  «K 


\_(L 

) 


i  .  i 

—  II.;  - 
n  ■  n 


r.u., 

:s,r* 


-  voltage/stress  on  capacitance, 

SU1  -  slope/transconductance  of  dynamic  characteristic  of  anode 


( 


current  in  section  of  understressed  mode  (Sa,^«Sa,  where  Sa-  - 
slope/transconductance  of  static  plate  characteristic  for  pulsed 
operation).  sc,  has  the  same  value  for  the  grid  circuit  (Fig.  6.7). 
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Results  of  solving  this  equation  during  starting/launching  of 
blocking  oscillator  linearly  increasing  voltage/stress  are  on  Fig. 

6.8,  in  which  along  axis  of  abscissas  is  plotted  logarithm  of  ratio  of 
voltage/stress  u  to  Tt»t,  where  Ta=-CJS„,  S0  =  Sa,  — nSc„  v„  -  rate  of 
increase  of  starting  voltage/stress.  Curves  are  constructed  for  the 
different  values  of  parameters  P  and  Q,  where  P--L^L,  a  Q=  CJC. 

Page  327. 

Value  Lt „  is  calculated  from  the  formula 

=  5  [£ + 2C- + 2  , 

where  o*,,  -  the  cut-off  frequency  of  ferrite,  at  which  its  magnetic 
permeability  falls  into  once  in  comparison  with  the  permeability  at 
the  lower  frequencies. 

Graphs/curves,  given  in  Fig.  6.8,  show  that  decrease  in  the 
velocity  of  starting/launching,  inductance  of  magnetization  with 
working  capacitance  leads  to  decrease  in  the  velocity  of 
build-up/growth  of  front.  The  process  of  the  formation  of  front 
concludes,  when  voltage/stress  u  attains  value  Ui  (Fig.  6.7). 
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Fig.  6.8.  Determination  of  output  potential  of  blocking-generator. 

Page  328. 

Results  of  solving  equation  for  apex/vertex  taking  into  account 
initial  conditions,  determined  from  condition  of  solving  equation  for 
edge  of  pulse  (/,,  Uu  where  index  "1"  shows  that  these  values  are 
taken  for  moment/torque  of  termination  of  front),  they  are  given  in 
Fig.  6.9  and  6.10.  Fig.  6.9  shows  the  form  of  pulse  apex,  while  in 
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Fig.  6.10  is  given  the  dependence  of  the  duration  of  apex/vertex  from 
parameter  P  at  the  different  values  of  parameter  Q. 
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Fig.  6.10.  Determination  of  the  duration  of  pulse  apex. 

Page  329. 

As  can  be  seen  from  this  graph/curve,  decrease  L  and  C  leads  to  the 
decrease  of  the  duration  of  apex/vertex.  Fig.  6.11  shows  the 
dependence  of  the  duration  of  the  shear/section  of  pulse  from  P  for 
different  Q. 
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Fig.  6.12  depicts  dependence  of  general/common  duration  of  pulse 
/„  and  parameter  5 -=  from  P  and  Q.  Here  f/Milltc  maximum  value 

of  pulse,  and  Ux  -  value  of  pulse  up  to  the  moment/torque  of  the 
termination  of  front.  Dependence  iJTn  on  P  and  Q  in  the  range  of 
values  O.lSP^l,  0.13Q31  is  approximated  by  the  expression 

tJT„  « 
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Fig.  6.12.  Graph/curve  for  calculating  pulse  duration. 
Page  330. 


6.4.  Special  features  of  the  work  of  tube  and  transformer  in  the 
diagram  of  blocking  oscillator. 

Tubes  in  blocking  oscillator  work  in  strongly  overstressed  mode, 
in  which  maximum  grid  voltage  can  considerably  considerably  exceed 
minimum  voltage  on  anode.  In  connection  with  this  there  is  a 
difference  in  the  work  of  triodes  and  pentodes  in  the  diagrams  of 
blocking  oscillators.  Triodes  have  large  power  gain  in  the  region  of 
the  positive  values  of  grid  voltage  how  pentodes  and  therefore  they 
make  it  possible  to  obtain  the  surge  voltages  of  larger  value. 

Increase  of  positive  grid  voltage  of  tube  occurs  approximately 
until  operating  point  falls  on  section  of  characteristic  of  anode 
current  with  small  slope/transconductance,  which  leads  to 
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cessation/discontinuation  of  avalanche-like  process.  For  different 
tubes,  in  particular  for  the  triodes  and  the  pentodes,  the  value  of 
grid  voltage,  with  which  occurs  the  end  of  avalanche-like  process,  is 
different.  This  value  is  great  enough  for  triodes  (it  equals  tens  of 
volts),  whereas  for  the  pentodes  it  a  little  differs  from  zero. 
Respectively  currents  in  the  pulsed  operation  are  determined  for  the 
triodes  with  large  positive  grid  voltage,  and  for  the  pentodes  -  with 
voltage  close  to  zero.  Triodes  usually  are  utilized  for  these  reasons 
in  the  diagrams  of  low-power  blocking  oscillators. 

In  blocking  oscillators  boosting  mode  of  tubes  frequently  is 
used.  It  is  necessary  to  keep  in  mind  that  the  limit  of  boosting  mode 
is  frequently  established/installed  not  by  power  capacity  of  plate 
dissipation  and  grid  of  the  tube  (with  the  sufficiently  large  porosity 
these  values  they  can  be  not  exceeded),  but  with  the  maximum 
permissible  voltage/stress  between  the  anode  and  the  grid.  The 
maximum  voltage/stress  between  the  anode  and  the  grid  is  obtained  at 
the  moments  of  time,  which  directly  follow  after  the  termination  of 
pulses.  Voltage  on  the  anode  in  this  case  is  equal  to  supply  voltage 
plus  the  voltage/stress  of  the  overshoots,  caused  by  the  excitation  of 
sneak  circuits  in  the  anode  circuit.  The  voltage/stress  of  overshoots 
can  sometimes  comprise  more  than  half  of  supply  voltage. 
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Grid  voltage  at  the  same  moments  of  time  is  equal  to  the 
voltage/stress  of  fixed  bias  plus  the  voltage/stress,  induced  from  the 
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anode  circuit  due  to  the  phenomenon  of  mutual  induction.  As  a  result 
a  potential  difference  between  the  anode  and  the  grid  can  several 
times  exceed  nominal  voltage/stress  and  tube  will  malfunction. 

Maximum  pulse  repetition  frequency  is  determined  by  power 
capacity  of  scattering  on  electrodes  of  tube.  However,  with  an 
increase  in  the  repetition  frequency  by  several  times  the  scattered 
power  is  raised  several  times  {for  the  constant  pulse  duration).  In 
connection  with  this,  other  conditions  being  equal,  for  increasing  the 
pulse  repetition  rate  it  is  necessary  to  decrease  either  their 
amplitude  or  their  duration.  Virtually  the  blocking  oscillators  of 
nanosecond  pulses,  assembled  on  the  finger  triodes,  stably  generate 
pulse  oscillations  to  the  frequencies  of  1  MHz. 

Peak  transformer  is  second  critical  node  in  diagram  of  blocking 
oscillator,  it  is  intended  for  inversion  of  stage  of  pulse  and 
replaces  second  tube  in  schematic  of  multivibrator.  Providing  maximum 
connection/communication  between  the  anode  and  grid  circuits  in  entire 
range  of  the  generatable  frequencies  is  fundamental  requirement  for 
the  transformer  of  blocking  oscillator  (i.e.  in  entire  frequency  band 
of  the  pulse  spectrum).  The  undistorted  transmission  of  the  pulse 
edge  is  possible  only  in  such  a  case,  when  the  parasitic  parameters  of 
transformer  will  be  sufficiently  small.  However,  as  far  as  the 
requirement  of  the  undistorted  transmission  of  the  flat/plane  part  of 
the  pulse  is  concerned,  it  is  fulfilled  sufficiently  easily  for  the 
very  short  pulse  duration. 
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During  design  of  transformers  of  blocking  oscillators,  intended 
for  work  in  nanosecond  range,  it  is  necessary  to  focus  attention  on 
two  fundamental  points.  First  processes  in  the  magnetic  core  of 
transformer  are  of  them.  The  magnetic  core  must  work  at  very  high 
rates  of  change  of  the  induction  in  the  peak  transformers,  which  work 
in  the  microsecond  range.  The  second  fact  concerns  the  frequency 
properties  of  transformer  as  linear  quadrupole.  The  need  for  the 
transmission  of  very  rapid  changes  in  the  voltage/stress  requires  that 
the  transmission  factor  of  transformer  would  be  constant  up  to  the 
very  high  frequencies,  measured  by  hundred  megahertz. 
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Transformers  of  blocking  oscillators  are  fulfilled  with  cores 
from  ferromagnetic  material.  The  application  of  a  core  provides  the 
necessary  value  of  primary  inductance  with  least  possible  number  of 
turns  which  in  turn,  is  necessary  for  decreasing  stray  capacitance  of 
transformer.  The  presence  of  core  from  the  magnetic  material 
indirectly  decreases  the  leakage  inductance  of  transformer.  Both 
these  of  fact  increase  its  broad-band  character. 

At  the  same  time  processes,  which  occur  in  core,  significantly 
influence  its  properties  and,  consequently,  also  work  of  blocking 
oscillator.  With  the  feed  of  the  primary  winding  of  transformer  by 
periodic  unipolar  pulses  the  process  of  the  magnetization  of 
transformer  core,  as  is  known,  differs  from  the  process  of 
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magnetization  in  terms  of  alternating  current.  This  difference  lies 
in  the  fact  that  the  operating  point  in  the  magnetization  curve  moves 
not  along  the  usual  loop,  but  on  a  certain  other  curve,  called  maximum 
loop  of  specific  cycle. 

Magnetic  permeability  ^  on  particular  cycle,  which  plays  with 
work  of  peak  transformers  the  same  role,  that  also  usual  permeability 
v  with  work  of  transformers  on  alternating  current,  is  considerably 
less  tv  In  order  to  obtain  high  value  u4,  it  is  necessary  to  utilize 
for  the  cores  magnetic  materials  with  the  high  value  of  saturation 
induction  bs  and  small  remanent  induction  Br,  with  small  relation 
Brl^s ■  For  decreasing  the  value  of  remanent  induction  they  sometimes 
supply  magnetic  circuit  with  air  gap. 

With  work  of  peak  transformers  with  high  rates  of  change  in 
induction  eddy  currents  have  vital  importance.  For  decreasing  harmful 
eddy-current  effect  the  cores  of  peak  transformers  are  manufactured 
from  the  very  thin  tape  (0.08-0.02  mm).  The  decrease  of  the  thickness 
of  the  sheets  of  iron  significantly  decreases  the  eddy  current  losses, 
since  these  losses  are  proportional  to  the  square  of  thickness  of 
sheet . 
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Furthermore,  for  producing  the  cores  of  peak  transformers  are  used 
magnetic  materials  with  the  high  specific  resistor/resistance,  which 
so  leads  to  the  decrease  of  eddy  currents. 
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At  present  as  ferrite  rings  are  utilized  as  cores  for  peak 
transformers  of  blocking  oscillators  of  nanosecond  range.  These  cores 
are  not  inferior  on  their,  to  qualities  to  the  cores,  made  from 
transformer  steel  of  the  highest  brands.  Table  6.1  gives  the 
information  about  some  types  of  ferrites  [82], 

Question  about  its  broad-band  character  is  second  question,  which 
appears  during  design  of  peak  transformer.  As  has  already  been 
spoken,  the  passband  of  peak  transformer  must  stretch  to  hundreds  of 
megahertz.  Therefore  during  the  construction  of  peak  transformer  it 
is  necessary  to  take  measures  to  decrease  its  spurious  parameters  to 
the  minimum.  The  very  short  duration  of  pulses,  favors  achieving  this 
goal,  in  consequence  of  which  the  production  of  transformers  with  the 
low  value  of  primary  inductance  is  possible  (measured  by  the  units  of 
microhenry).  Thus,  at  the  actually  allowed  values  of  coefficient  of 
scattering  the  absolute  value  of  leakage  inductance  is  very  small. 
Furthermore,  as  has  already  been  indicated,  the  use  of  materials  with 
the  large  magnetic  permeability  makes  it  possible  to  perform  primary 
winding  with  the  small  number  of  turns,  which  leads  to  the  decrease  of 
stray  capacitance  of  transformer. 
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Table  6.1 
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Structurally  peak  transformers  are  made  very  simply.  Onto  the 
ferrite  ring  the  windings,  which  for  decreasing  stray  capacitance  are 
made  single-layer,  are  applied.  Windings  will  be  deposited  or  by  one 
to  another,  the  turns  of  one  winding  are  arranged/located  between  the 
turns  of  another. 


Frequently  transformers  are  supplied  with  third  (load)  winding. 
Transformation  ratio  between  the  anodic  and  grid  windings  is  taken  by 
the  usually  equal  to  one.  However,  as  far  as  transformation  ratio 
between  the  load  and  grid  windings  is  concerned,  its  value  is 
determined  by  the  load  resistance/resistor. 

6.5.  Diagrams  of  blocking  oscillators. 


Blocking  oscillators,  utilized  for  impulse  shaping  of  nanosecond 
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duration,  work,  as  a  rule,  with  external  synchronization  due  to 
instability  of  frequency.  In  this  case  the  work  of  blocking 
oscillators  actually  consists  in  the  conversion  of  pulse  oscillations 
with  the  large  amplitude,  but  relative  to  low-ts  by 
slope/transconductance,  in  the  oscillations  with  the  large 
slope/transconductance . 

Ye.  N.  Butorin  [3]  produced  research  on  the  schemes  of  blocking 
oscillator  on  tubes  of  finger  series.  The  data  of  diagram  are  cited 
in  Fig.  6.13. 
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Fig.  6.13.  Diagram  for  investigation  of  blocking  oscillator. 

Key:  (1).  V. 
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The  transformer  of  blocking  oscillator  was  made  on  the  ferrite  ring 
from  the  material  S^^OOOwith  a  diameter  of  18  mm  and  with  the  number 
of  turns  in  anodic  winding  10,  in  grid  10  and  in  load  6.  The  primary 
inductance  of  transformer  composed  37  uH,  leakage  inductance  0.63  »H 
and  stray  capacitance  7.2  pf.  The  described  diagram  on  the  tube  6N15P 
(S=11.2  mA/V,  C,®8  pF)  with  parallel  connection  of  both  of  triodes  and 
capacitance  Ccll=30  pF  generated  pulses  by  duration  35^feveral  with  an 
amplitude  of  60  V  on  the  resistor/resistance  of  150  ohms.  Tube  6N6P 
(S=12  mA/V,  C0=9  pF)  during  the  use  of  one  triode  under  the  same 
conditions  made  it  possible  to  generate  pulses  by  the  duration  of  35  . 
ns  with  an  amplitude  of  125  V.  Diagram  on  the  tube  6SZP  (S=19.5  mA/V, 
Co=10  pF)  generated  pulses  by  the  duration  of  18  ns  and  by  the 
amplitude  of  90  V  with  C(.„=!o  pF.  Diagram  on  the  tube  6S14P  (S=45 
mA/V,  C,=16.3  pF)  with  c,„= 22  pF,  generated  pulses  14  ns  with  an 
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amplitude  of  80  V. 

In  [101]  is  described  oscillator  circuit  of  nanosecond  pulses, 
capable  of  generating  pulses  with  fixed  period  of  time  of  20,  50  and 
100  ns  with  repetition  frequency  of  from  10  kHz  to  1.5  MHz.  Blocking 
oscillator  was  assembled  on  the  tube  6N6P  with  the  transformer,  made 
on  the  ferrite  ring  F-400  with  an  outside  diameter  of  18  mm.  This 
type  of  ferrite  is  selected  because  it  retains  its  initial 
permeability  without  the  noticeable  increase  of  losses  to  frequencies 
on  the  order  of  5  MHz.  Oscillator  circuit  is  shown  in  Fig.  6.14a.  In 
the  load  winding  of  transformer  there  is  a  diode  for  damping 
undershoot.  The  pulses,  taken  from  the  blocking  oscillator,  are 
supplied  to  the  diagram,  shown  in  Fig.  6.14b,  the  being  diagram  with 
the  duct/contour  of  collision  excitation.  Tube  in  the  initial  state 
is  closed  with  negative  grid  voltage;  the  arriving  pulse  triggers  it. 
The  duct/contour  of  collision  excitation  is  made  on  the  ferrite  ring 
of  the  type  F-400,  the  number  of  turns  in  primary  and  secondary 
windings  with  =20  ns  is  equal  to  4.  For  n  improvement  in  the  shape 
of  pulse  to  secondary  winding  the  diode  is  connected.  Amplitude 
control  of  output  pulse  is  realized  with  the  aid  of  the  potentiometer 
of  470  ohms,  shunted  by  the  corrective  chain/network  RC  and  diode. 

The  amplitude  of  output  voltage/stress  is  changed  in  the  limits  from  0 
to  30  V. 

Generator  of  groups  of  pulses  of  nanosecond  duration,  using 
blocking  oscillator,  are  described  into  [102]. 
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Fig.  6.14.  Diagrams  of  assigning  blocking  oscillator  (a)  and  output 
stage  (b). 

Key:  (1).  To  the  intermediate  cascade/stage.  (2).  Output. 
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The  schematic  of  the  part  of  the  generator  is  given  in  Fig.  6.15. 
Trigger  pulses  enter  input  of  first  blocking  oscillator,  which  has 
duration  of  pulses  50  ns;  pulses  from  the  first  blocking  oscillator 
enter  the  second,  which  forms  pulses  with  the  duration 

of  20  ns.  Finally  pulses  are  formed/shaped  in  the  output  stage.  Peak 

transformers  are  made  on  ferrite  rings  with  an  outside  diameter  of 
cores  of  14  mm;  data  of  windings  Tpl:  wx=8  turns,  wa=4  turns;  data  of 
windings  Tp2:  wx*6  turns,  wa=6  turns,  w,=3  turns;  wire  PEShO  of  0.2 
mm.  Was  tested  the  pulse  generator,  in  which  at  the  output  was 
utilized  the  amplifier-limiter  on  the  tube  with  the  secondary 
emission,  shown  in  Fig.  6.16. 
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Fig.  6.15.  Oscillator  circuit  of  pulses,  which  uses  blocking 

m 

oscillators. 

Key :  ( 1 ) .  Xnput .  ( 2 ) .  0utput . 
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Are  developed  also  diagrams  of  blocking  oscillators,  which  make 
it  possible  to  obtain  durations  of  pulses  of  order  of  tens  of 
nanoseconds  with  repetition  frequencies  of  400-500  kHz  [103].  Fig. 
6.17  gives  the  diagram  of  blocking  oscillator  on  tube  £l82tC..  The 
limitation  of  reverse/inverse  overshoot  and  damping  is  conducted  by 
chain/network  D,  R,,  where  D  -  high-frequency  silicon  diode,  Rs=100 
ohm.  Cathode  follower  is  made  on  the  same  tube,  as  generator. 
Interstage  connection  is  attained  through  the  differentiating  circuit 
R 7 ,  C«.  Diodes  D,  and  D,  limit  the  reverse/inverse  overshoot  of 
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output  voltage/stress,  furthermore,  stray  capacitance  of  diode  D, 
participates  in  the  formation  of  the  shortened  pulse.  With  the  pulse, 
removed  from  the  blocking  oscillator  with  an  amplitude  of  U=75  \)  and 
/„  =  75  ns,  from  the  cathode  resistor/resistance  of  /?,„  =60  ohms  is 
removed/taken  the  pulse  with  an  amplitude  of  30  V  and  the  duration  on 
the  foundation  45  ns.  The  steepness  of  the  pulse  edges  composes 
1 . 2*10 ’  V/s.  Data  of  transformer:  ^>i=6  turns,  x-u=5  turns,  a?„,=  i3 
turns,  Lj=4.3  nH. 


) 


DOC  =  88076719 


5^7 

PAGE 


~VSBVI  .150& 


Fig.  6.16.  Diagram  of  output  amplifier-limiter. 

Key:  (1).  \] . 
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For  obtaining  more  narrow  pulses  it  is  necessary  to  take  measures 
for  increase  in  steepness  of  pulse  edges  by  changing  trigger 
conditions.  As  it  was  shown  earlier,  rate  of  voltage  rise  on  the 
input  of  blocking  oscillator  affects  rate  of  voltage  rise  on  its 
output.  Therefore  for  obtaining  the  more  narrow  pulses  the 
starting/launching  of  blocking  oscillator  from  other  pulse  generators 
with  the  sufficiently  steep  fronts  widely  are  utilized.  In  this  case 
the  blocking  oscillator  works  not  as  self-contained  system,  and  as 
nonlinear  amplifier-limiter  with  the  feedback.  The  purpose  of 
blocking  oscillator  is  an  increase  in  the  steepness  of  the  edge  of 
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subject  by  it  pulse;  the  pulse  amplitude  at  the  output  of  blocking 
oscillator  can  be  even  less  than  the  pulse  amplitude  at  the  input. 

During  use  of  blocking  oscillators  as  peakers  of  pulses  it  is 
necessary  to  consider  that  each  subsequent  cascade/stage  forms/shapes 
more  narrow  pulse. 
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Fig.  6.17.  Pulse  generator  circuit. 

Key:  (1).  V. 
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Therefore  tne  transient  capacitance  of  each  subsequent  stage  must  be 
less  than  the  transient  capacitance  of  the  preceding  stages;  this 
makes  it  possible  to  utilize  the  shortenings  of  the  duration  of  fronts 
and  shear/sections  of  pulses  for  further  shortening  of  their  duration 
occurred  in  the  preceding  stages.  In  connection  with  shortening  of 
the  pulse  duration  grow/rise  the  requirements  also  for  the  broad-band 
character  of  transformers.  This  requirement  is  comparatively  easily 
satisfied  by  the  decrease  of  the  number  of  turns  and  overall 
dimensions  of  core.  The  decrease  of  the  number  of  turns  in  the 
windings  of  transformers  becomes  possible  because  the  pulse  duration 
decreases  and,  therefore,  the  smaller  value  of  primary  inductance  is 
necessary  with  the  allowed  value  of  decay  in  the  apex/vertex. 
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Question  about  most  advisable  method  of  connecting  separate 
stages  into  network  is  one  of  important  questions.  The  series 
connection  of  generators  causes  greater  difficulties  than  the  series 
connection  of  amplifiers  because  between  the  anode  and  grid  circuits 
of  tube  there  is  a  connection/communication.  The  presence  in 
generators  of  feedback,  furthermore,  is  opened  path  to  the  direct 
passage  of  pulse  oscillation  from  the  preceding  stage  to  the  output  of 
that  following,  passing/avoiding  tube  and  thereby  substantially 
changing  the  impulse  steepness  of  output  potential.  One  should  in 
this  case  consider  that  the  preceding  stages  can  be  even  more 
powerful/thicker  than  following.  However,  the  installation  of  any 
decoupling  cascades/stages,  i.e.,  through  repeaters  without  the 
feedback,  in  the  range  of  the  pulses  of  nanosecond  duration,  is 
difficult. 

Diagram,  given  in  Fig.  6.18  [87],  is  most  convenient  trigger 
circuit.  In  this  diagram  the  start- up  voltage/stress  is  supplied 
through  capacitor  directly  to  the  grid  of  tube  following  after  the 
source  of  signal.  So  that  on  the  capacitor  C,  it  would  not  occur  a 
considerable  drop  in  the  voltage  of  the  transmitted  oscillation,  its 
value  must  be  not  too  small. 


) 


DOC  =  88076719 


PAGE  ^ 


Fig.  6.18.  Trigger  circuit  of  blocking  oscillator. 

Key:  (1).  input 

Page  341. 

It  cannot  be  at  the  same  time  taken  and  too  great  to  avoid  strong 
effect  generator  of  the  source  of  starting  voltage.  Usually  capacitor 
Cx  is  taken  several  times  of  more  than  capacitance  of  Cz. 

Ye.  bf  .  Butorin  [3]  produced  study  of  generator  of  short  pulses 
on  tubes  65jJP  according  to  diagram,  given  in  Fig.  6.19. 
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Fig.  6.19.  Diagram  of  cascade  blocking  oscillator  on  tubes  6S3P 
Key:  (1).  Start-up.  (2).  6utput.  (3).  V. 
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Fig.  6.20.  Diagram  of  stage  of  blocking  oscillator  on  tubes  6N15P. 
Key:  (1).  V.  (2).  Qutput.  (3).  Input. 

Page  342. 

In  this  diagram  at  the  output  of  the  second  cascade/stage  were 
formed/shaped  the  pulses  with  duration  from  5.5  to  8  ns  with  an 
amplitude  of  from  40  to  90  V  respectively.  At  the  output  of  the  third 
cascade/stage  the  pulses  had  a  duration  from  4.5  to  6  ns  with  an 
amplitude  of  from  40  to  85  V.  The  load  resistance  was  75  ohms,  and 
the  pulse  repetition  frequency  10  kHz. 

Generator  of  narrow  pulses  on  tubes  6N15P  is  shown  in  Fig. 

6.20.  The  triodes  are  connected  in  parallel  \n  each  tube.  Diagram 
was  started  from  the  pulse  generator  with  a  frequency  of  c2.  kHz. 
Transformers  were  assembled  on  the  miniature  cores  made  of  steel  of 
brand  80NKhS,  the  thickness  of  belt  0.02  mm. 
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Fig.  6.21.  Diagram  of  blocking  oscillator  with  starting/launching 
from  tube  with  secondary  emission. 

Key:  (1).  V.  (2).  output. 

Page  343. 

The  transformer  of  the  first  cascade/stage  contained  in  the  anodic  and 
grid  windings  with  8  turns,  and  in  the  load  -  6  turns.  The 
transformer  of  the  second  stage  had  respectively  =  =  5  turns, 

=  3  turns,  the  transformer  of  third  stage  =  ^,.- 3  turns,  Wl.  =2 

turns.  Diagram  generated  pulses  with  the  duration  of  6  ns  with  an 
amplitude  of  100  V  on  the  load  of  75  ohms. 


J 
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Blocking  oscillator  of  nanosecond  pulses  on  tube  VX3052,  started 
by  pulse  generator  on  tube  with  secondary  emission,  is  described  into 
[104].  Oscillator  circuit  is  given  in  Fig.  6.21.  Transformer  had 
toroidal  core.  Wound  from  strip.  As  the  magnetic  material  was 
utilized  mu-metal  (thickness  of  strip  0.0006").  The  number  of  turns 
in  the  windings  of  transformer  was  varied  from  2  to  10  with  the 
transformation  ratio  n=l.  Diagram  made  it  possible  to  generate  pulses 
from  20  to  100  ns  with  an  amplitude  of  up  to  200  V. 

6.6.  Pulse  generators  with  delayed  feedback. 

In  preceding/previous  chapter,  dedicated  to  analysis  of 
RC-generators  with  feedback,  it  was  shown  that  action  of  positive 
feedback  in  nanosecond  range  of  pulse  durations  little  is  effective  in 
comparison  with  its  action  microsecond  range.  Therefore  in  a  number 
of  cases  the  last  stages  of  pulse  generators  are  fulfilled  not  as 
relaxation  oscillators,  but  as  amplifier-limiters.  At  the  same  time 
for  increasing  the  steepness  of  the  pulse  edges  the  series  connection 
of  amplifier-limiters  is  utilized.  It  is  obvious  that  taking  a 
sufficient  quantity  of  series-connected  amplifier-limiters,  it  is 
possible  to  obtain  the  same  result,  that  in  the  chain/network  of 
relaxation  oscillators,  without  resorting  in  this  case  to  the  use  of 
an  avalanche-like  process.  It  is  easy  to  see  also  that  there  is  no 
need  to  physically  fulfill  the  chain/network  of  amplifier-limiters; 
the  same  result  of  repeated  nonlinear  conversion  can  be 
achieved/reached,  also,  with  the  consecutive  transmission  of  the 
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converted  pulse  through  one  and  the  same  amplifier-limiter,  closing  it 
into  the  loop  of  delayed  feedback;  time  lag  is  here  necessary  in  order 
to  divide  the  pulses,  which  completed  different  number  of  passages 
through  the  nonlinear  element,  between  themselves. 

Page  344. 

The  pulse  generator  with  delayed  feedback,  called  otherwise 
recirculator,  is  constructed  according  to  this  principle. 

Generator  with  delayed  feedback  differs  from  other  feedback 
oscillators  in  terms  of  fact  that  instead  of  wide-band  linear 
quadrupole  for  target  of  feedback  (rheostat-capacitance  circuit  or 
transformer)  it  contains  delay  line. 

That  that  feedback  loop  in  such  generators  possesses  large  delay, 
it  is  in  principle  important.  The  presence  of  delay  excludes  the 
possibility  of  the  development  of  avalanche-like  processes  in  the 
recirculators.  In  contrast  to  the  relaxation  oscillators,  in  which 
the  steep  pulse  edges  are  obtained  due  to  the  avalanche-like 
build-up/growth  of  current  in  the  tube,  in  the  recirculator  the  steep 
pulse  edges  are  obtained  due  to  the  repeated  nonlinear  conversion  of 
pulses.  By  the  target  of  positive  feedback  in  the  recirculator  is  not 
the  creation  of  conditions  for  the  development  of  avalanche-like 
process,  but  providing  repeated  conversion  of  pulse  nonlinear  element 
-  amplifier-limiter. 
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In  order  to  clarify  difference  between  relaxation  oscillators  and 
recirculators,  let  us  turn  to  block  diagram,  shown  in  Fig.  6.22  and 
which  differs  from  diagram,  given  in  Fig.  5.1,  by  presence  of  delay 
line  into  feedback  loop.  With  tj=0  this  diagram  will  be  relaxation 
oscillator,  while  with  sufficiently  large  t,  -  recirculator.  Voltage 
on  the  input  of  K-circuit  according  to  Fig.  6.22 


«,(*)  +  «  (<—/,).  (6.5) 


( 
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Fig.  6.22.  Block  diagram  of  recirculator. 

Page  345. 

In  turn,  as  it  was  shown  earlier  in  fifth  chapter, 

t 

"(')=  J  «.,(*-?)  <//((«).  (6.6) 

n 

where  K(t)  -  transient  response  of  K-circuit. 

Substituting  (6.6)  in  (6.5),  we  obtain  integral  equation  of 

m 

Volterra  of  2nd  order  with  delaying  nucleus: 

«„(/)—  j  //«(/--/;.-  ;)rf/Cl?l==w0(<). 


solution  of  which  takes  form 

oc 

«»,(/)  ■- Vh,,.,  |/  —  («— 1 )/,),  (6.7) 

H  “  I 

where  «„..,(/)  is  oscillation,  which  completed  n-1  passage  on  K-circuit. 

As  it  follows  from  formula  (6.7),  with  t,=0  voltage  on  input  of 
K-circuit  is  sum  of  infinite  number  of  components,  each  of  which 
begins  at  moment  of  time  t=0.  This  fact  generates  the  very  rapid, 
avalanche-like  increase  of  voltage  on  the  input  of  K-circuit  at  the 
initial  moments  of  time,  characteristic  for  the  recirculator.  With 
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t,^0  all  components,  from  which  stores/adds  up  input  oscillation,  are 
shifted  on  the  time.  If  the  converted  oscillation  u0(t)  has  short 
duration,  then  voltage  on  the  input  of  K-circuit  of  recirculator  will 
represent  the  sequence  of  pulses,  which  is  the  result  one-,  two-, 
triple  and  so  forth  of  the  conversion  of  input  pulse  by  K-circuit. 
Thus,  the  mechanism  of  the  work  of  recirculator  and  relaxation 
oscillator  is  entirely  various. 

6.7.  Analysis  of  the  work  of  recirculator. 

Pulse  generator  of  recirculator  type  can  be  represented  in  the 
form  of  functional  diagram,  shown  in  Fig.  6.23. 

Page  346. 

This  diagram  differs  from  that  given  by  preceding/previous  figure 
in  that  into  it  special  element,  which  considers  nonlinear  properties 
of  tube  of  amplifier  is  introduced  (or  special  tube,  worker  in 
nonlinear  section  of  characteristic  and  called  expander). 

Nonlinear  element  is  characterized  by  fact  that  voltage/stress  on 
its  output  is  connected  with  voltage  on  input  with  nonlinear 
dependence 

«1(0=='t >!«■«  (01- 


Repeating  the  same  operations,  that  also  for  linearized  system, 
let  us  arrive  at  equation,  comprised  relative  to  voltage  on  input  of 
nonlinear  element  of  recirculator: 
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«»x  (0  -  J  *1*  [«„(/- 1,  - 1)  dK  (5)=«,  (/)• 

0 

Here  K(t)  -  transient  response  of  amplifier. 

Given  equation  is  nonlinear  integral  equation.  For  the  brevity 
let  us  record  it  in  the  operational  form 

Uux(i)—Autx  (/)  =  «*  (t), 

where  A  -  certain  nonlinear  operator. 

Nonlinear  operational  equation  can  be  solved  by  method  of 
consecutive  integration.  Let  us  break  entire  time  interval  into 
segments  [(n-l)t3,  nt3],  n=l,  2,  3,  .... 

Page  347. 

Then  in  the  first  interval  of  time  [0,  t3]  the  solution  of  integral 
equation  will  take  the  form 

(')  =  *,(')=  VoW. 

in  the  second  section/segment  [t,,  2t3] 

in  the  third  section/segment  [2t3,  3t  a  3 

wllx(/)-  T.  A. 

y  :  Ci).  cyf\d  '•  ■ 

Imposing  for  function  uus{t)  requirement  of  equality  to  zero 
beyond  interval  of  time  [(n-l)t3,  nt3],  we  obtain  solution  of 
operational  equation  in  the  form 


DOC  =  88076719 


*3  *7/ 

PAGE 


^UX^*)  _  -  1^0  (0* 

/I  -=  I 

where  the  subscript  in  operator  indicates,  what  number  of  times  is 
taken  this  operator. 

If  in  latter/last  expression  operation  of  temporary  displacement 
is  recorded  explicitly,  then 

«„(/)--•  V.r„. ,».(/-  (6.8) 

n  I 

where  A'  -  operator,  who  differs  from  A  in  that  in  it  is  omitted  the 
operation  of  temporary  displacement. 

Expression  (6.8)  describes  transient  mode  in  diagram  of  a 
recirculator,  consecutively/serially  presenting  stage  of  conversion  of 
pulse  u,(t),  ^]U, ( t ) ,  A'au„(t)  and  so  forth.  In  steady  state  (if  such 
there  is  a  voltage  on  the  input  (and  at  the  output)  of  the 
recirculator  is  a  periodic  pulse  train.  With  sufficiently  large  n 

where  u*(i)  describes  the  shape  of  pulse  in  steady  state. 

Value  u*(t)  is  solution  of  operational  equation 

« (<)  —  An  (/)-•  0 

or,  in  expanded/scanned  form,  nonlinear  ineteral  equation 

« (0  —  f  «I»  [«(/-/,-?)]  dK  (5)  =  0.  (6.9) 


Pig.  6.23-  Functional  diagram  of  recirculator,?  lr-nonlinear  element/; 
2-filter;  3-clelay  line. 
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Recirculator  With  Ideal  Limiter. 

Solution  of  nonlinear  integral  equations,  given  above,  in  general 
case  very  complicatedly ,  and  therefore  for  determining  form  of 
oscillations/vibrations  at  output  of  recirculator  one  resorts  to  those 
or  other  idealizations.  It  is  possible,  for  example,  to  proceed  from 
the  fact  that  the  switch  time  of  recirculator  in  steady  state  is 
negligibly  small.  In  this  case  the  nature  of  nonlinear  element  can  be 
acquired  in  the  form  of  the  step  function,  shown  in  Fig.  6.24. 
Nonlinear  element  with  this  characteristic  is  called  ideal  limiter. 

Its  special  feature  is  the  fact  that  when  a  pulse  of  any  form  is 
supplied  to  the  input  of  the  limiter,  a  pulse  of  perfectly  rectangular 
form  is  obtained  at  the  output.  This  substantially  facilitates  the 
determination  of  the  distortions  of  those  undergone  with  pulse  in 
transit  through  the  amplifier  and  filter. 

For  describing  processes,  which  occur  in  diagram  with  ideal 
limiter,  it  is  convenient  to  use  graph/curve,  given  in  Fig.  6.25.  Let 
us  assume  that  at  the  input  of  nonlinear  element  at  a  certain  moment 
of  time  t0  arrived  pulse  u',  (Fig.  6.25a).  According  to  the 
characteristic  of  nonlinear  element  the  voltage/stress  on  its  output 
will  be  equal  to  zero  until  voltage  on  the  input  achieves  value  A.  At 
this  moment  output  potential  of  nonlinear  element  abruptly  rises  to 
the  value,  to  conditionally  equal  unit  (Fig.  6.25b).  Voltage/stress 
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u'4  will  remain  equal  to  this  value  until  the  level  of  input  voltage 
is  lowered  to  value  A.  Then  output  potential  of  limiter  falls  to 


zero. 
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Fig.  6.24.  Characteristic  of  ideal  limiter. 

Page  349. 

After  traversing  the  filter,  square  pulse  will  be  distorted,  as  shown 
in  Fig.  6.25c,  while  after  traversing  the  delay  line,  it  will  be 
shifted  along  the  time  axis  to  the  right  value  t3  (Fig.  6.25d). 

Since  adder  and  amplifier  rely  by  ideal,  i.e.,  contributing  none 
distortion,  then  after  time  t ,+0  pulse  u"  *  again  will  appear  at  input 
of  limiter.  T,  here  indicates  the  delay  of  oscillation/vibration  in 
the  delay  line,  and  6  -  delay  of  functioning  limiter,  caused  by  the 
fact  that  the  voltage  on  the  input  of  limiter  spends  a  certain  time  in 
order  to  achieve  the  level  of  limitation  A.  Since  the  amplifier  gain 
K0 >1 ,  then  the  amplitude  of  pulse  u"  ,  has  large  value,  than  the  pulse 
amplitude  at  the  output  of  delay  line. 

At  output  of  limiter  again  appears  square  pulse  of  single 
amplitude,  whose  duration  is  determined  by  difference  in  moments  of 
time  ("K  and  during  which  input  signal  passes  through  level  A. 

Let  us  designate  through  K(t)  transient  response  of  amplifier, 

) 


5*75 
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and  through  /“  and  *"•-  moments  of  time,  which  correspond  to  beginning 
and  end/lead  of  n  pulse  at  output  of  limiter  1 ,  then 

A'(/;-C-/a)  =  /C(e)  =  A. 


FOOTNOTE  1 .  The  following  analysis  of  the  work  of  recirculator  is 
borrowed  from  the  article  of  Yu.  I.  Neymark,  Yu.  K.  Maklakov  and  L. 
P.  Yelk ins  [105].  ENDFOOTNOTE. 


( 


DOC  =  88076720 


574> 

PAGE  ^ 


Fig.  6.25.  Performance  record  of  recirculator. 

Page  350. 

Here  i""  indicates  difference  between  moments  of  time,  at 

ii  H 

which  pass  fronts  of  the  n-th  and  (n-  l)-th  pulses  6  -  mentioned  above 
effective  time  lag  o'  n  pulse  with  respect  to  (n-l)-th  pulse,  caused 
by  combined  action  of  filter  and  nonlinear  element. 

Further  it  is  possible  to  write  that 

K  ,/'*  —  t”  —  ta)  K  U"  —  /"_l  —  t3)  ---  A 

or 

K  U'l  -r  ’>)  -  K  (tnH  -  C  +  '>)  =■-  A,  (6.10) 


where  tn.  ~  duration  of  n  pulse. 
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Latter/last  relationship/ratio  can  be  recorded  in  the  form 

(6.H) 

expressing  dependence  of  duration  of  n  pulse  from  duration  of  (n-l)-th 
pulse.  If  the  duration  of  initial  pulse  t"  is  assigned,  then  by 
equation  (6.10)  will  be  determined  the  series/row  of  the  durations  of 
pulses  !\..ln  steady  state,  i.e.,  when  «->co, ,  equation 

(6.11)  takes  the  form 

**..=-*  (/*„).  (6.12) 

This  solution  is  stable,  if 

I  ■>'(<*..)  I  <1. 

In  case  in  question  equation  (6.12)  can  be  recorded  in  the  form 

*(•-{-/*.,)  =  2A  (6.13) 

[we  assume/set  in  formula  (6.10)  tn-~  i"  1  /"=./*„ i 

Page  351. 

Equation  (6.13)  physically  means  that  circulation  of  pulses  in 
system  is  possible  only  when  maximum  value  of  pulse  at  input  of  linear 
element  is  twice  more  than  as  threshold  of  functioning  limiter. 
Stability  condition  for  the  case  takes  the  form 

//  (0 (6.14) 
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where  H(t)  -  the  pulse  transient  function  of  filter. 

It  can  satisfy  equation  (6.13)  series/row  of  durations  of  pulses 

ini.  _  Stable  of  them  will  be  only  those,  for  which  is  fulfilled 

requirement  (6.14).  Obviously,  so  that  in  the  system  could  exist  the 
pulses  at  least  of  one  duration  the  transient  response  of  filter  it 
must  not  be  the  monotonically  increasing  function. 

Calculation  of  recirculator  with  the  ideal  limiter. 

Calculation  of  recirculator  in  steady  state  can  be  performed  on 
the  basis  of  assumption  about  the  fact  that  tube  is  ideal  limiter. 

Let  us  give  the  order  of  calculation  of  recirculator  on  the  assumption 
that  it  is  carried  out  on  the  base  of  single-stage  resistance-coupled 
amplifier.  The  transient  response  of  the  amplifier  for  the  region  of 
short  times  takes  the  form 

K(t)  —  K„{\  -  e-"'1),  (6.15) 

where  t«  -  time  constant  of  anode  circuit. 

For  region  of  long  times 

(6-16) 

where  t,,,  -  time  constant  of  transient  circuit. 

Calculation  of  recirculator  can  be  performed  in  following  order. 
On  the  basis  of  the  formula 
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/C  (0)  =  A,  (6.17) 

we  determine  the  effective  time  lag  of  pulse  in  transit  through  the 
filter  and  nonlinear  element. 

Page  352. 

Since  the  time  lag  of  pulses  is  caused  by  the  limitedness  of  the 
filter  pass  band  in  the  region  of  higher  frequencies,  then  into 
formula  (6.17)  it  is  necessary  to  substitute  value  of  K(t),  determined 
by  expression  (6.13), 

A\(l-e-8/V-A, 

whence 

£)• 

Effective  time  lag  of  pulses  is  determined  by  time  constant  of 
anode  circuit  and  depends  on  ratio  of  threshold  of  functioning  limiter 
A  to  factor  of  amplification  K„.  The  greater  K0,  the  less  the  • 
effective  time  lag;  with  K0-«  effective  time  lag  is  equal  to  zero. 
Pulse  repetition  period 

T  =  ta  +  H. 

For  determining  pulse  duration  we  will  use  formula 

K(0 +  /,.)  =  2A, 


into  which  should  be  substituted  expression  (6.16),  since  pulse 
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duration  is  determined  by  time  constant  of  circuit,  which  causes 
limitation  of  passband  in  region  of  lower  frequencies: 


whence 


/C.e  ’c*  =2A, 

*«  =  — 'c.ln^-- 0 


or 


At  output  of  nonlinear  element  pulse  has  ideal  rectangular  form. 
At  the  output  of  the  filter 

« (*)  =K(t)  npu  0  ee  /  sg  tn, 
u(t)  —  K (0  —  K(t  —  tu)  flpH  /><«. 

Key:  (1).  with. 


In  these  -formulas  it  is  necessary  to  substitute  complete 
expression  for  transient  response 

K  (0  =  A'#  (e-,/'c*  —  ). 


Page  353. 

Refinement  of  the  form  of  the  frontal  part  of  the  pulse. 


Since  pulse  at  output  of  ideal  limiter  has  rectangular  form,  then 
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after  passage  through  amplifier  frontal  part  of  pulse  will  be 
described  by  transient  response  of  amplifier  for  region  of  short 
times.  The  time  of  the  establishment  of  pulse  in  this  case  will 
comprise  2,3t„  (speech  it  goes  about  the  resistance-coupled  amplifier). 
Since  for  the  circuits  of  nanosecond  pulse  technique  there  is  greatest 
interest  precisely  in  a  question  about  the  duration  of  the  pulse 
edges,  then  it  is  desirable  to  conduct  the  refinement  of  the  form  of 
the  frontal  part  of  the  pulse  in  order  to  consider  the  effect  on  it  of 
the  real  properties  of  nonlinear  element. 

Let  us  assume  that  characteristic  of  nonlinear  element  takes 
form,  depicted  in  Fig.  6.26.  The  dependence  between  ul(t)  and  umV) 
in  this  case  is  described  by  the  equation 

«,(/)  =  [«nx(01T,  1- 

As  can  be  seen  from  Fig.  6.26,  when  «DX<1  value  ui>uBX  and 
nonlinear  element  amplifies  oscillation/vibration,  and  when  m„x>1 
value  u,<« ax  and  nonlinear  element  attenuates  oscillation.  This  means 
that  in  hunting  system  with  this  characteristic  of  nonlinear  element 
the  steady-state  oscillations  can  be  established/installed.  Let  us 
note  that  with  7=1  the  characteristic  of  nonlinear  element  coincides 
with  the  bisector  of  right  angle,  and  with  7=0  accepts  the  form  of 
unit  function.  Thus,  with  the  change  7  from  1  to  0  nonlinear  element 
passes  from  the  circuit  with  the  linear  characteristic  to  the  ideal 
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Fig.  6.26.  Characteristic  of  nonlinear  element. 

Page  354. 

Thus,  let  us  assume  that  characteristic  of  nonlinear  element  is 
described  by  exponential  function,  and  transient  response  of  amplifier 
for  region  of  short  times  it  takes  form  (6.15).  Substituting  these 
expressions  into  nonlinear  integral  equation  (6.8),  we  will  have 

X—X9 

«(*)—  J  [«(*  —  A-.,-S»|Te-E^=;0,  (6.18) 

0 

where  x=l/ ta,  x3  =  /3/x«. 

For  determining  form  of  frontal  part  of  pulse  there  is  no  need 
for  considering  temporary  displacement  between  pulses;  therefore  it  is 
possible  to  write 

X 

«(•*)  —  J  mt  (x—  5)  =  0.  (6.19) 

n 

We  differentiate  this  equation  for  x; 

ii  (x)  +  Jm1  (JC—  5)  —  [«*  (x)  —  e-*/*1  (0)]  =0 

0 
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or 

u'(x)-\-u(x)  —  u'  (x),  (6.20) 

since  «7(0)  =  0,  and  the  integral,  which  stands  in  the  next-to-last 
expression,  is  equal  to  u(x)  on  the  basis  (6.19). 

Equation  (6.20)  is  nonlinear  Bernoulli  differential  equation, 
which  easily  is  reduced  to  linear.  Let  us  divide  right  and  left  of 
the  part  of  the  equation  on  h1  (x): 

«~T  (*)«'(*)  + «'*'(*)=  I- 


Let  us  designate 


then 


u'-'(x)^Z(x), 

(1  -Y)«~*  (x)u'(x)  =  Z(x). 


Multiplying  by  (1-7) 
differential  equation 


and  making  substitution,  we  come  to  linear 

Z'(jr)  +  (l-f)Z(A-)=l  -t. 


Page  355. 

Solving  this  equation  and  returning  with  initial  variable  u(x), 


we  obtain 
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u{x)  —  [\  —  0-,,-’>jrj|-T  (62l) 

This  is  refined  formula,  which  describes  frontal  part  of  pulse. 
In  the  diagram  with  the  ideal  limiter  7=0  and  u(x)—  1  —  e'x,  the  frontal 
part  of  the  pulse  takes  the  same  form,  as  the  transient  response  of 
amplifier.  With  the  percentage  distortion  7,  different  from  zero, 
occurs,  in  the  first  place,  as  if  increase  in  the  time  constant  ta 

,  —  Ti 

fca  oc  —  j  _  y  * 

in  the  second  place,  the  form  of  the  frontal  part  of  the  pulse 
changes;  it  is  described  no  longer  by  exponential,  but  more  complex 
function. 
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Fig.  6.27.  Frontal  part  of  pulses  in  schematic  of  recirculator.. 

Page  356. 

Fig.  6.27  gives  curves,  which  show  law  of  change  in  pulse  edge 
for  cases  7=0  and  7=0.5.  It  is  well  noticeable  that  with  7=0.5  is 
developed  a  certain  time  lag  in  the  build-up/growth  of  the  frontal 
part  of  the  pulse. 

Let  us  determine  duration  of  pulse  edge,  on  the  basis  of 
condition  that  for  this  time  output  potential  increases  to  0.9  of 
steady-state  value.  Since  according  to  (6.19)  the  steady-state  value 
of  the  pulse  amplitude  is  equal  to  one,  the  time  of  the  establishment 
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When  y=°  />  =  2,3 Ta;  with  increase  y  it  grows/rises  and  time  of 
establishment,  approaching  infinity  with  7=1  (linear  system). 

6.8.  SOME  SCHEMATICS  OF  RECIRCULATORS. 


Before  examining  specific  schematics  of  recirculators,  let  us 
make  some  observations  of  physical  processes  relatively  occurring  in 
them.  Recirculators  are  hunting  systems  with  delayed  feedback,  in 
which  is  possible  the  prolonged  circulation  of  pulses.  The 
fluctuating  overshoot  of  voltage  on  the  input  of  amplifier  is  trigger 
pulse  in  self-contained  hunting  system  (or  other  section  of  diagram) . 
This  overshoot  is  amplified  by  amplifier,  also,  due  to  unavoidable 
stray  capacitances  (which  together  with  output  resistance  of  amplifier 
form  the  integrating  component/link) ,  it  is  expanded.  The  expanded 
pulse  is  supplied  through  the  delay  line  to  the  nonlinear  element, 
designation/purpose  of  which  is  pulse  clipping  in  the  amplitude,  which 
provides  establishment  in  the  diagram  of  the  stationary  amplitude  of 
oscillations. 

In  diagram,  which  contains  only  enumerated  elements,  stationary 
pulse  duration  cannot  be  established/installed,  since  neither 
nonlinear  element  nor  amplifier  block  unlimited  pulse  widening  with 
multiple  traversal  through  integrating  component/link. 


-5^7 
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In  order  to  avoid  this  expansion,  in  the  schematic  of  recirculator  the 
shortening  (differentiating)  circuit  must  be  contained.  Transient 
capacity/capacitance  and  leakage  resistance  in  the  circuit  of  tube 
usually  serves  as  this  circuit.  The  time  constant  of  this  circuit,  as 
it  was  shown  in  the  preceding/previous  section,  determines  the 
duration  of  the  generatable  pulses.  The  presence  of  the 
differentiating  circuit  makes  the  transient  response  of  the  filter  of 
nonmonotonic,  the  need  what  has  already  been  discussed  earlier. 

Let  us  now  move  on  and  to  examination  of  schematics  of 
recirculators.  Fig.  6.28  gives  the  schematic  of  recirculator, 
described  into  [106].  The  first  tube  in  this  diagram  is  delivered 
into  such  mode,  during  which  its  characteristic  is  utilized  on  the 
lower  bend.  This  tube  is  expander.  Filter  is  formed  by  output 
resistance  of  the  first  tube  and  by  referred  to  it  stray  capacitance 
of  diagram  (limitation  in  the  region  of  higher  frequencies),  and  also 
by  the  elements  of  transient  circuit  cr„i  and  (limitation  in  the 
region  of  lower  frequencies).  Amplifier  is  carried  out  on  the  second 
tube.  The  output  stage  does  not  affect  the  passband  of  the  diagram  in 
the  region  of  higher  frequencies,  since  it  is  loaded  to  the 
low-resistance  input  of  the  resistor/resistance  of  cable.  The  load 
resistance/resistor  in  the  grid  circuit  of  expander  is  equal  to  the 
wave  impedance  of  cable.  In  the  region  of  lower  frequencies  filter 
attenuation  band  defines  chain/network  C,aiR,u  as  has  already  been 
mentioned  above,  but  not  chain/network  cct2Rl2,  since  the  latter  has 

considerably  slow  response.  The  delay  time  of  pulse  is  determined  in 
(  essence  by  the  time  of  its  passage  on  the  cable. 
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Fig.  6.28.  Schematic  of  recirculator  on  two  tubes. 

P^e-  7.SY. 

Experimental  research  on  the  schemes  of  recirculator, 
described  into  [106],  showed  that  this  diagram  can  generate  pulses  by 
duration  to  7  ns  at  the  level  with  attenuation  of  1  Np  with  the 
repetition  frequency  20  MHz.  The  amplitude  of  generatable  pulses  was 
3  V.  The  cable  with  a  wave  impedance  of  150  ohms  was  utilized  as  the 
delay  line.  The  author  notes  that  the  diagram  easily  was  synchronized 
from  the  external  signal  with  an  amplitude  0.01  V,  applied  to  the  grid 
of  the  tube  of  expander,  the  shape  of  pulse  is  close  to  the 
bell-shaped. 

In  work  [107]  are  given  results  of  study  of  regenerative  pulse 
generator  on  tube  EFP-60  with  secondary  emission.  This  diagram 
generated  the  pulses,  whose  duration  was  5  ns,  and  repetition 
frequency  50  MHz.  Diagram  and  data  of  generator  are  cited  in  Fig. 
6.29.  Positive  feedback  in  the  diagram  was  achieved  by  application  of 
voltage  from  the  anode  circuit  into  the  cathode.  For  the  delay  of 
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feedback  to  this  circuit  the  section/segment  of  coaxial  cable  with  a 
length  of  5  m  was  connected.  The  starting  voltage/stress  was  supplied 
to  control  electrode  of  tube,  and  output  pulse  was  removed/taken  from 
the  load  into  the  circuit  of  dynode.  The  amplitude  of  output  pulse 
was  the  units  of  volts. 

In  [108]  description  of  recirculator  on  tube  with  secondary 
emission,  which  generated  pulses  is  given  by  duration  of  5  ns  with 
repetition  frequency  to  170  MHz.  The  amplitude  of  the  oscillations  on 
the  load  of  37.5  ohms'  reached  120  V.  Pulses  were  generated  by  series 
with  duration  into  hundreds  of  microseconds.  The  schematic  of  this 
recirculator  is  given  in  Fig.  6.30.  Its  basic  part  -  strictly 
recirculator  -  it  is  carried  out  on  L,  -  tetrode  with  secondary 
emission  of  patronymic  production.  The  voltage/stress  of  feedback  is 
supplied  from  the  anode  La  into  the  cathode  through  cable  RK-3. 
Chain/network  realizes  the  automatic  gain  control,  excluding  the 

possibility  of  the  appearance  of  supplementary  pulses  in  the 
gaps/intervals  between  the  bases  and  it  shortens  and  it  peaks  trigger 
pulse.  Tube  La  serves  for  an  improvement  in  form  and  increase  in  the 
slope/transconductance  of  trigger  pulses. 
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Pig.  6.29.  Schematic  of  recirculator  on  tube  with  secondary  emission. 
Key;  (1).  Output.  (2).  Xnput. 

Page  359. 

During  the  supplying  to  the  input  of  the  tube  Lx  of  trigger  pulse  the 
first  of  diagram  develops  the  standard  trigger  pulse,  under  action  of 
which  the  generator  on  the  tube  La  develops  pulse  train.  The 
repetition  period  of  these  pulses  is  determined  by  the  delay  time  of 
pulse  in  the  cable  and  differs  from  it  by  several  nanoseconds,  spent 
by  electrons  with  the  flight/span  through  the  tube.  The  amplitude  of 
oscillations  was  determined  by  the  saturation  current  of  tube  La. 

Study  of  recirculator  on  transistors  is  carried  out  into  [109]. 

Fig.  6.31  depicts  oscillator  circuits;  a  -  on  transistors  P411 
(£n  =  —  <3  V)  and  b  -  on  transistor  P403  (£“„  =  —  5  V).  The  transformer 

of  this  diagram  has  following  data; 

T pi —[wl:wi:wt=  2i  :2l  :7,  D=12  mm,  S=  17  mm1,  =  !00. 

In  first  diagram  for  provoding  positive  sign  of  feedback  was  ) 
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utilized  supplementary  transistor,  and  second  -  transformer. 
Automatic  control  was  realized  by  means  of  chain/network  r.^Cm. 
included  in  the  emitter  of  transistor. 


( 
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Fig.  6.30.  Schematic  of  recirculator  on  tetrode  with  secondary 
emission. 

Key;  (1).  V.  (2).  Launching/starting. 

Page  360. 

Fig.  6.32a  gives  the  voltage  oscillogram  on  the  collector/receptacle 
of  transistor  (Fig.  6.31a),  and  in  Fig.  6.32b  -  on  load  /?„  of  diagram 
in  Fig.  6.31b.  In  the  diagram  as  delay  unit  was  utilized  cable 
RS-400-7-12.  The  pulse  repetition  frequency  in  the  first  diagram  was 
8  MHz. 

In  [110]  is  investigated  schematic  of  recirculator,  to  feedback 
loop  of  which  was  connected  delay  line,  with  nonlinear  amplitude 
characteristic. 


Oscillator  circuit  is  given  in  Fig.  6.33.  Generator  is  carried 
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out  on  the  tubes  6V1P,  connected  according  to  the  schematic  of  the 
distributed  amplifier  for  the  purpose  of  the  expansion  of  the  passband 
of  diagram.  The  voltage/stress  of  feedback  is  supplied  from  the 
dynode  circuit  into  the  grid  through  cable  RK-3  and  chain  line,  which 
consists  of  20  filter  sections  of  the  type  M  with  the  nonlinear 
inductances.  The  cable  segment  is  included/switched  on  for  an 
increase  in  the  pulse  repetition  period. 
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Fig.  6.31.  Schematics  of  recirculators  on  transistors. 


Fig.  6.32.  Voltage  oscillograms  in  schematic  of  recirculator  on 
transistors . 

Key:  (1).  V.  (2).  div.  (3).  ns. 


.) 
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Fig.  6.33.  Schematic  of  recirculator  with  nonlinear  delay  line 
(inductance  in  microhenry). 

Key:  (1).  o'utput  to  DESO-1. 

Page  362. 

The  coils  of  filters  were  coiled  around  the  ferrite  cores  of  brand 
VT-6.  Output  voltage/stress  was  removed/taken  from  the  load 
resistor/resistance  of  75  ohms.  The  switching  on/inclusion  of 
nonlinear  chain/network  led  to  the  decrease  of  the  duration  of  pulses 
and  duration  of  their  fronts,  and  also  to  an  increase  in  the  pulse 
amplitude,  i.e.,  it  led  to  the  compression  of  pulses.  In  particular 
the  pulse  edge  in  the  anode  circuit  decreased  from  70  to  20  ns,  and 
amplitude  grew/ rose  from  35  to  50  V.  The  even  better  results  gave 
application  of  capacities/capacitances  of  p-n  junctions  in  the 
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feedback  loop  as  the  nonlinear  elements.  The  minimum  duration  of 
front  in  this  case  was  4  ns  with  the  amplitude  of  pulses  of  30  V. 
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Page  363. 
Chapter  Seven. 


PULSING  IN  SOLID-STATE  ELEMENT  CIRCUITS  WITH  NEGATIVE  RESISTANCE. 


In  recent  years  in  pulse  technique  of  microsecond  range  had 
extensive  application  diverse  semiconductor  devices,  mainly 
transistors,  which  successfully  replace  electron  tubes.  On  the 
transistors  are  fulfilled  all  possible  oscillator  circuits  - 
multivibrators,  blocking  oscillators,  trigger  circuits,  they  are  used 
for  amplifying  of  pulses,  limitation,  fixation  of  level  and  the  like 
till].  The  large  inertness  of  the  processes  of  moving  the  charge 
carriers,  which  did  not  make  it  possible  to  obtain  steep  edges  in  the 
voltage/stress  or  current,  high  pulse  repetition  frequencies  or  high 
counting  rate  blocked  transistorization  in  the  nanosecond  pulse 
technique.  Therefore  until  recently  nanosecond  pulse  technique  to  a 
certain  degree  lagged  behind  the  pulse  technique  of  microsecond  range 
in  the  part  of  the  application  of  such  promising  elements  as 
semiconductor  devices. 

Situation  substantially  changed  after  were  opened  and  developed 
new  types  of  semiconductor  devices  -  instruments  with  negative 
resistance,  in  particular  tunnel  diode.  The  use  of  such  instruments 
not  only  made  it  possible  to  replace  electron  tubes  in  the  series/row 
of  diagrams  and  devices/equipment,  but  also  to  make  the  large  step 
forward  by  means  of  increasing  the  speed  of  impulse  circuits.  A  real 
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possibility  for  the  mastery/adoption  of  the  subnanosecond  range  of  the 
pulse  durations  was  provided. 

Page  364. 

The  tunnel  diode,  whose  work  is  based  on  the  quantum-mechanical  effect 

-  the  tunnel  passage  of  the  electrons  through  the  potential  threshold 

-  possesses  the  unique  properties,  which  make  with  its  irreplaceable 
in  the  diagrams,  in  which  is  realized  the  transmission  or  the 
conversion  oscillations  with  the  very  wide  spectrum.  Tunnel  diode 
is  the  super  wide-band  active  element  (i.e.  by  the  element,  which 
possesses  negative  resistance  in  the  very  broadband).  Furthermore,  it 
is  the  element,  whose  nonlinear  properties  are  retained  to  the  very 
high  frequencies. 

Tunnel  diodes  had  extensive  application  in  different  areas  of 
technology.  In  the  computers  on  them  are  fulfilled  the  high  speed 
switching  elements,  logic  circuits,  memory  elements,  etc.  The 
application  of  tunnel  diodes  in  these  devices/equipment  made  it 
possible  to  substantially  decrease  their  overall  dimensions  and  to 
raise  speed.  Tunnel  diod'?  has  a  switch  time  of  less  than  1  ns;  the 
access  time,  provided  by  memory  units  on  the  tunnel  diodes,  is 
obtained  less  than  10  ns,  which  is  considerably  less  than  the  access 
time  of  memory  units  on  the  ferrites  or  cathode-ray  tubes  [112-120]. 

Great  interest  cause  tunnel  diodes  in  microwave  technology. 

Tunnel  diodes  permit  implemention  of  a  generation  of  the  oscillations 
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of  virtually  any  frequencies,  up  to  the  submill imeter  range.  Just  as 
effectively  work  tunnel  diodes,  also,  in  the  diagrams  of  the 
amplification  of  superhigh  frequencies.  Tunnel  diode  amplifiers 
differ  in  terms  of  very  small  noise  level  (although  exceeding  the 
noise  level  of  molecular  or  parametric  amplifier).  The  fact  that  the 
tunnel  diode  retains  its  nonlinear  properties  to  the  very  high 
frequencies,  are  opened/disclosed  prospects  for  its  use  in  detectors 
and  converters  of  microwave  oscillations  [121-125]. 

In  nanosecond  pulse  technique  tunnel  diodes  are  utilized  as  pulse 
generators  with  very  high  repetition  frequency,  pulse  generators  of 
subnanosecond  duration,  high-speed  relays,  peakers  of  pulses.  They 
are  suitable  also  for  amplifying  the  pulses  of  short  duration. 

Page  365. 

Tunnel  diode  according  to  the  principle  of  its  action  is  the 
inertialess  device  (since  the  tunnel  passage  of  the  electrons  through 
the  potential  threshold  does  not  require  the  expenditure  of  time)  and 
therefore  it  is  of  extreme  interest  for  nanosecond  pulse  technique 
[126]. 


Together  with  tunnel  diode  in  pulse  technique  found  use  and  other 
semiconductor  devices  with  negative  resistance.  Negative  resistance 
possess  point-contact  germanium  diodes  of  the  type  DG-  Ts4-DG-Tsl2 
(section  of  negative  resistance  it  is  located  they  have  on  the 
reverse/inverse  branch  of  characteristic),  avalanche-type  diodes  of 
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the  type  p-n-p,  four-layer  diodes  p-n-p-n,  etc.  [127],  There  are 
also  semiconductor  three-electrode  devices  with  negative  resistance 
[128].  These  instruments  (in  particular,  two-electrode  and 
three-electrode  instruments  of  the  type  p-n-p-n),  are  of  interest  for 
the  nanosecond  pulse  technique  because  they  are  the  high-current  and 
relatively  high-voltage  instruments  (in  comparison  with  the  tunnel 
diode,  which  it  works  on  the  very  low  stress  levels).  The  application 
of  these  instruments  makes  it  possible  to  obtain  the  powerful/thick 
current  pulses,  the  duration  of  fronts  of  which  is  the  units  of 
nanoseconds  [129]. 

7.1.  OPERATING  PRINCIPLE  OF  TUNNEL  DIODE. 

Tunnel  diode  was  discovered  by  L.  Ezaki  in  1957  [130,  131]. 
Studying  the  phenomenon  of  the  internal  autoelectric  emission  of 
electrons  in  the  thin  germanium  p-n  junctions,  Ezaki  detected  the 
anomalous  course  of  the  volt-ampere  characteristic  of  diodes  with  the 
high  concentration  of  admixtures/impurities  in  the  crystal  (with  the 
concentration  of  acceptors  N„,<u=  1,6- 1019  cm" 3  and  concentration  of 
donors  'O'9  cm'3).  The  special  feature  of  volt-ampere 

characteristic  was  the  presence  of  the  maximum  in  the  region  of  the 
positive  values  of  voltage/stress  (approximately  with  0.035  V. 
Furthermore,  this  diode  possessed  larger  back  conductance,  than  in  the 
straight  line.  The  form  of  the  volt-ampere  characteristic  of  diode  is 
shown  in  Fig.  7.1.  As  can  be  seen  from  figure,  diode  had 
falling/incident  section  of  volt-ampere  characteristic,  i.e.,  in 
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specific  range  of  change  in  voltage/stress  on  it  it  had  negative 
differential  internal  resistor/resistance  [132,  133]. 

Page  366. 

As  has  already  been  indicated  above,  crystals  from  which  diodes 
were  manufactured,  had  very  high  concentration  of  impurities.  With 
this  concentration  of  impurities,  thickness  of  p-n  junction  was  only 
100-150  A.  Therefore  electric  intensity  on  the  transition/junction 
due  to  a  contact  potential  difference  reached  value  on  the  order  of 
100  kv/cm.  Both  these  facts  (large  field  strength  and  the  small 
thickness  of  transition/junction)  lead  to  the  fact  that  a  certain  part 
of  the  electrons  can  pass  through  the  potential  threshold  in  p-n  layer 

i 

due  to  the  tunnel  effect. 

Tunnel  effect  is  quantum-mechanical  phenomenon.  Its  essence 
consists  in  the  fact  that  the  particle,  which  has  total  energy  Wlf  the 
lower  altitude  of  potential  threshold  W2,  has  different  from  zero 
probabilities  to  penetrate  through  the  barrier  without  a  change  in  its 
energy.  This  reveals  the  wave  properties  of  material  not  observed  in 
classical  mechanics.  Probability  that  the  particle  will  pass  the 
potential  threshold,  depends  on  the  width  of  potential  threshold  and 
its  height, In  the  usual  diodes  the  thickness  of  junction  is  such,  that 
the  probability  of  the  passage  of  electrons  by  tunnel  effect  is 
negligibly  small;  noticeable  tunnel  current  is  observed  only  then  when 
the  thickness  of  transition/ junction  it  decreases  to  150-200  A.  The 
significant  role  plays  the  value  of  the  field  strength  on  the 
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transition/junction,  which  affects  the  height  of  the  potential 
threshold,  decreasing  it,  and  also  decreasing  its  width. 


DOC  *  88076721 


PAGE 


Page  367. 


Fig.  7.2.  Characteristic  and  diagram  of  zones  for  tunnel  diode  (each 
diagram  with  numeral  it  corresponds  to  position  of  operating  point  on 
characteristic  of  diode). 

Key:  (1).  Forbidden  band.  (2).  Free  levels.  (3).  Fermi  level. 
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In  order  to  explain  course  of  volt-ampere  characteristic  of 
tunnel  diode,  let  us  turn  to  simple  zone  diagram.  Let  us  note 
preliminarily  that  the  tunnel  passage  of  electrons  is  feasible  only 
when  semiconductor  is  degenerate.  In  the  degenerate  n-type 
semiconductor  the  Fermi  level  is  located  in  conduction  band,  while  in 
the  degenerate  p-type  semiconductor  -  in  the  valence  band.  As  a 
result  the  levels  in  the  valence  band  of  p-region  higher  than  the 
Fermi  level  turn  out  not  to  be  filled  with  electrons,  while  in  the 
n-region  the  levels  of  conduction  band,  which  lie  below  the  Fermi 
level,  prove  to  be  filled.  The  forbidden  bands  in  this  case  will  be 
strongly  shifted  relative  to  each  other. 

With  zero  voltage  on  diode  current,  formed  by  electrons,  which 
pass  due  to  tunnel  effect  from  valence  band  on  free  levels  of 
conduction  band,  is  equal  to  current  of  electrons,  which  pass  from 
conduction  band  to  free  levels  of  valence  band,  and  therefore 
resulting  current  through  diode  is  equal  to  zero  (Fig.  7.2.1). 

If  we  exert  to  tunnel  diode  voltage  in  forward  direction,  then 
Fermi  levels  in  p-  and  n-regions  will  be  displaced  and  current  of 
electrons  will  from  right  to  left  be  more  than  current  in  opposite 
direction,  as  a  result  of  which  resulting  current  will  be  different 
from  zero.  The  position  of  zones  for  this  case  is  shown  in  Fig. 
7.2.2.  From  the  figure  one  can  see  that  against  some  of  the  levels, 
filled  with  electrons  in  the  n-region,  some  of  the  free  levels  of 
p-region  are  located,  whereas  against  some  of  the  levels,  filled  with 
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electrons  in  the  p-region,  the  forbidden  band  is  located.  Shift  of 
Fermi  levels  will  increase  the  electron  current  from  the  n-region  into 
the  p-region  will  rise  in  proportion  to  further  increase  in  the 
voltage  on  the  diode.  Fig.  7.2.3  shows  the  position  of  zones  in  the 
case,  when  tunnel  current  reaches  maximum. 

\J ith  further  increase  in  voltage  (Fig.  7.3.4)  it  will  seem  that 
against  some  of  levels,  filled  with  electrons  in  n-region,  forbidden 
band  will  be  located.  Tunnel  current  decreases.  When  voltage  on  the 
diode  reaches  that  value,  at  which  against  the  filled  levels  of 
n-region  the  forbidden  band  will  be  located,  tunnel  current  will 
become  zero  (Fig.  7.3.5).  Approximately  with  the  same  values  of 
voltage  in  the  diode  appears  the  usual  (diffusion)  current,  which 
rapidly  increases  with  an  increase  in  the  applied  voltage. 

Page  369. 

When  bias  voltage  is  applied  in  opposite  direction,  electrons 
which  pass  from  p-region  into  n-region  and  creating  tunnel  current  of 
reverse/inverse  branch  characteristics  have  preferred  position.  The 
position  of  zones  in  Fig.  7,2.6  corresponds  to  this  case.  As  it 
follows  from  the  figure,  with  an  increase  in  the  voltage/stress 
inverse  current  continuously  increases,  so  for  of  the  increasing  part 
of  the  electrons,  that  are  located  in  the  p-region,  appear  the  free 
levels  in  the  n-region. 

7.2.  THE  VOLT-AMPERE  CHARACTERISTIC  OF  TUNNEL  DIODE  AND  ITS 

) 
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APPROXIMATION. 

Volt-ampere  characteristic  of  tunnel  diode  relates  to 
characteristics  of  h/-type  (or  first  class).  The  manager  of  variable 
in  instruments  with  such  characteristics  is  voltage  (Fig.  7.3a).  At 
the  same  time  there  are  instruments,  which  possess  the  volt-ampere 
characteristic  of  S-type  (or  the  second  class).  An  example  of  this 
characteristic  is  shown  in  Fig.  7.3b  .  Current  is  the  controllable  of 
variable  in  such  instruments.  They  include,  for  example,  four-layer 
diodes,  examined/considered  further. 

Fig.  7.4a  gives  graph/diagram  of  dependence  of  internal 
differential  resistor/resistance  of  tunnel  diode  on  value  of  bias 

m 

voltage.  As  can  be  seen  from  this  graph/curve,  with  voltages  less 
i ,  the  internal  resistor/resistance  of  diode  is  positive. 


than  U 
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Fig.  7.3.  Volt-ampere  characteristics  of  elements  with  negative 
resistance  of  W-type  (a)  and  S-type  (b). 

Page  370. 

With  U=UX  the  resistor/resistance  of  diode  goes  to  infinity  and  with 
further  increase  in  the  voltage  becomes  negative.  The  value  of 
negative  resistance  of  tunnel  diode  is  not  constant.  With  a  certain 
value  of  voltage/stress  corresponding  to  the  maximum  speed  of  a  change 
in  the  current,  it  has  minimum  value,  and  then  it  begins  to  increase, 
being  turned  with  infinity  with  U=U2.  At  high  values  of  voltage  the 
internal  differential  resistance  of  diode  becomes  positive. 
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Fig.  7.4.  Dependence  of  differential  resistor/resistance  (a)  and 
differential  conductivity  of  tunnel  diode  (b)  on  bias  voltage. 

Page  371. 

The  internal  resistor/resistance  of  tunnel  diode  is  positive  with  the 
negative  values  of  voltage.  It  is  characteristic  that  for  the  tunnel 
diode  its  resistor/resistance  at  negative  values  of  voltage  is  less 
than  at  positive  values.  Thereby  tunnel  diode  is  not  unipolar  (or 
directed)  element  like  usual  diodes.  The  explanation  to  this  special 
feature  of  tunnel  diode  is  easy  to  obtain  from  the  examination  of  zone 
diagram.  Fig.  7.4b  gives  the  dependence  of  the  internal  differential 
conductivity  of  tunnel  diode  on  the  bias  voltage. 


w 
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Together  with  internal  differential  resistor/resistance  of  tunnel 
diode  it  is  possible  to  examine  its  direct-current  resistance  Rn.  This 
resistor/resistance  is  equal  to  the  ratio  of  voltage/stress  to  the 
current  at  any  point  of  volt-ampere  characteristic.  The 
resistor/resistance  of  tunnel  diode  to  direct  current  is  the 
resistor/resistance,  which  it  exerts  power  supply.  In  Fig.  7.5  is 
given  the  dependence  of  direct-current  resistance  of  tunnel  diode  on 
the  voltage  on  the  tunnel  diode.  From  the  figure  one  can  see  that  in 
section  IU-U,,  within  of  which  tunnel  diode  possesses  negative 
differential  resistance,  its  direct-current  resistance  sharply 
grows/rises. 
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Fig.  7.5.  Dependence  of  resistor/resistance  of  tunnel  diode  to  direct 
current  on  bias  voltage. 

Page  372. 

Resistance  Ra  is  always  positive,  since  with  respect  to  the  power 
supply  tunnel  diode  is  always  the  user  of  energy. 

Need  of  obtaining  analytical  expression  for  volt-ampere 
characteristic  of  diodes  appears  during  research  on  the  schemes  on 
tunnel  diodes. 
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Fig.  7.6.  Approximation  of  volt-ampere  characteristic  of  tunnel 
diode  by  dog-leg  functions. 

Page  373. 

By  the  easiest  method  of  the  approximation  of  characteristic  is  the 
replacement  of  objective  parameter  polygonal  function  -  the  so-called 
dog-leg  approximation. 

Fig.  7.6a  shows  example  to  approximation  of  characteristic  by 


<iA3 
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three  segments  of  lines,  carried  out  according  to  following  rule.  The 
first  straight  line  connects  points  0  and  A,  the  second  of  point  A  and 
C  and  the  third  of  point  C  and  B.  The  inclination/slope  of  these 
straight  lines  gives  the  averaged  differential  resistor/resistance  of 
diode  in  section  [0,  1^3,  which  let  us  designate  R-0.  in  the  section 

[Uj,  uj  -  R,  and  in  the  section  [U2,  Ua]  let  us  designate  r n2.  Using 

another  method  of  the  approximation  of  characteristic  the  third 
straight  line,  given  in  fig.  7.6b,  it  is  carried  out  as  tangent  to 

the  ascending  branch  of  characteristic  at  point  B.  Asymmetry  of  the 

volt-ampere  characteristic  of  tunnel  diode  gives  in  certain  cases  to 
the  need  for  resorting  to  the  approximation  with  its  four  line 
segments,  as  shown  in  Fig.  7.6c.  In  this  case  the  second  and  fourth 
sections/segments  are  conducted  as  tangents  to  the  linear  sections  of 
the  descending  and  ascending  branches  of  characteristic  before  the 
intersection  with  the  third  section/segment,  which  is  conducted  in 
parallel  to  the  axis  of  abscissas  at  level  1=1,. 

Sharply  pronounced  nonlinear  characteristic  of  tunnel  diode  makes 
dog-leg  approximation  little  effective.  Actually,  with  this 
approximation  the  dependence  of  the  resistor/resistance  of  tunnel 
diode  on  the  voltage/stress  is  represented  by  the  step  function,  shown 
in  Fig.  7.7,  and  very  distant  from  the  real  dependence,  represented  in 
Fig.  7.4a. 
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Fig.  7.7.  Dependence  of  internal  resistor/resistance  of  tunnel  diode 
on  voltage/stress  with  approximation  of  volt-ampere  characteristic  by 
dog-leg  function  (see  Fig.  7.6a). 

Page  374. 

At  the  same  time,  as  this  will  be  evidently  from  the  following,  during 
the  calculation  of  diagrams  on  the  tunnel  diodes,  in  particular 
relaxation  oscillators,  the  basic  value,  which  determines  the  pulse 
duration  or  repetition  period,  is  the  value  of  the  resistor/resistance 
of  diode  in  sections  [0,  Uj]  and  [U2,  U3].  It  is  not  surprising  that 
the  essential  disagreements  between  the  theory  and  the  experiment  are 
obtained  with  this  approximation.  Different  results  due  to  the 
different  methods  of  conducting  the  approximating  sections/segments 
are  obtained,  moreover,  from  calculations  carried  out  according  to  the 
methods  of  different  authors.  It  is  necessary  also  to  keep  in  mind 
that  the  dog-leg  approximation  does  not  make  it  possible  to  judge  a 
precise  form  of  the  generatable  oscillations  (in  more  detail  this 
question  it  is  examined  below). 
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In  connection  with  this  in  number  of  cases  attempts  to 
approximate  volt-ampere  characteristic  are  made  using  functions  of 
another  form.  Thus,  B.  N.  Kononov  and  A.  S.  Sidorov  [134]  propose 
to  approximate  characteristic  by  the  piecewise-exponential  function: 

/-/,[l~  (l -  -[J-jJ  -Ul<U<Ul  (7.1a) 

Key:  (1).  with. 


and 


/  =  (/,-/,) 


U-Ut 

u,-u. 


7-f-/s  npH  Ui<U<U,. 


(7.lfc 


Key:  (1).  with. 

Here  7  is  determined  experimentally.  For  the  diodes  tested  by 
the'  authors  it  was  within  the  limits  of  2. 6-2. 8. 

Calculation  of  diagrams  on  tunnel  diodes,  whose  volt-ampere 
characteristic  cannot  be  represented  as  dog-leg,  is  very  complicated 
operation. 


Fig.  7.8.  Method  of  approximation  of  volt-ampere  characteristic  of 
tunnel  diode. 

Page  375. 

However,  the  application  of  computer  technology  makes  it  possible  to 
perform  similar  calculations  and  poses  the  problem  of  finding  this 
flat  approximating  function,  which  in  a  comparatively  simple  form  by 
the  best  about  would  at  once  describe  volt-ampere  characteristic.  One 
of  such  methods  consists  in  the  replacement  of  real  volt-ampere 
characteristic  by  polynomial,  in  this  case  for  the  sufficiently  good 
representation  of  the  properties  of  characteristic  it  is  necessary  to 
take  the  polynomial  of  fifth  degree. 

Another  approximation  method  of  volt-ampere  characteristic  of 
tunnel  diode  consisted  of  following  [135].  It  was  established  that  in 
the  region  of  negative  resistance  the  curve,  which  expresses 
dependence  In  (I/V)  in  the  function  of  the  applied  voltage/stress,  is 
straight  line.  In  connection  with  this  it  was  proposed  to  approximate 


the  characteristic  of  tunnel  diode  by  the  function 
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/=/,+/„  =  AUe~aU  +  B  [e""-  1], 

In  this  expression  /,  represents  tunnel  current,  and  /„  - 
diffusion  current.  In  Fig.  7.8  solid  line  showed  the  volt-ampere 
characteristic  of  tunnel  diode,  and  dotted  line  -  components  of  full 
current  according  to  the  given  formula. 

If  U<U, ,  then  second  term  can  be  disregarded/neglected  and  then 
/ ,  =  AUa~aU  or  In  {IJU)  —  In  -A—  aU.  After  constructing  dependence  \n(IJU)  on 
U,  which  is  straight  line,  is  easy  to  find  a  as  the  angular 
coefficient  of  straight  line,  and  In  A  -  as  the  section/segment, 
intercepted/detached  by  it  on  the  axis  of  ordinates.  With  U>U,  it  is 
possible  to  disregard  the  first  term  and  to  count  /  =  /„  =  B  [e01'  —  1]  or 
In /,,  —  \nB-\-bU.  After  constructing  straight  line  In /,  =  /(£/),  it  is  possible 
to  determine  values  b  and  In  B.  The  authors  indicate  that  the 
accuracy  of  a  similar  approximation  is  better  than  ±10%. 

7.3.  EQUIVALENT  DIAGRAM  OF  TUNNEL  DIODE. 

Equivalent  schematic  of  tunnel  diode  for  small  amplitudes  (and 
when  operating  point  it  is  located  in  falling/incident  section  of 
volt-ampere  characteristic)  is  given  in  Fig.  7.9. 

Page  376. 

In  this  figure  the  part  of  the  diagram,  encircled  by  dotted  line, 
represents  the  equivalent  diagram  of  p-n  junction;  -  Re  is  negative 
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resistance  of  tunnel  diode  at  the  operating  point,  and  C,  -  transition 
capacitance.  /?,  is  the  so-called  resistor/resistance  of  spreading. 
This  is  a  resistor/resistance  of  the  mass  of  semiconductor. 

Inductance  L ,  is  the  inductance  of  loadings  of  tunnel  diode.  Values 
R„,  C, ,  rs  and  Ls  are  the  parameters  of  tunnel  diode. 

As  it  was  possible  to  see  in  given  earlier  Fig.  7.4a,  negative 
resistance  of  tunnel  diode  is  not  constant  value,  but  to  a  great 
degree  it  depends  on  voltage/stress  applied  to  tunnel  diode. 

Therefore  depending  on  the  position  of  operating  point  on  the 
volt-ampere  characteristic  the  value  of  negative  resistance  will  be 
different.  This  fact  should  be  considered  during  the  analysis  of 
diagrams  on  the  tunnel,  diodes  (in  particular,  during  the  analysis  of 
stability  of  amplifier  circuits).  Transition  capacitance  so  is  the 
value,  voltage-sensitive  on  the  diode.  However,  with  a  change  in  the 
voltage  on  the  diode  within  the  limits  from  0.1  to  0.5  to  a  change  in 
the  capacity/capacitance  do  not  exceed  15-20%  and  therefore  in  the 
majority  of  the  cases  capacitance  value  of  transition/junction  in  the 
equivalent  diagram  is  counted  constant  and  equal  capacity/capacitance 
with  U=U2. 

Three  parameters  of  tunnel  diodes  l„  C0  and  /?fi  are  parasitic, 
and  their  values  as  far  as  possible  they  try  to  decrease.  Actually, 
as  it  follows  from  the  equivalent  diagram  (Fig.  7.9),  the  tunnel 
diode  between  the  external  terminals/grippers  is  not  purely  active 
inertia-free  negative  resistance  -  R,  and  certain  impedance 
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Fig.  7.9.  Equivalent  schematic  of  tunnel  diode  for  small  amplitudes. 
Page  377. 

The  presence  of  the  scattering  resistance  R6  decreases  the  value  of 
negative  resistance  (in  terms  of  the  absolute  value).  Capacitance  of 
C0  shunts  negative  resistance;  the  presence  of  this  capacitance  does 
not  make  it  possible  for  voltage  on  the  tunnel  diode  to  change 
abruptly.  The  presence  of  inductance  Ls  in  exactly  the  same  manner 
and  gives  to  tunnel  diode  inertial  properties,  without 
allowing/assuming  an  abrupt  change  in  the  current  through  the  diode. 
The  parasitic  parameters  substantially  worsen/ impair  the 
high-frequency  properties  of  tunnel  diode. 

For  examination  of  effect  of  parasitic  parameters  on  high- 
frequency  properties  of  tunnel  diode  let  us  turn  to  its  equivalent 
diagram. 

Its  input  resistance 

Zux^Rs  +  i»Lt+Z.  (7-2) 


( 


DOC  =  88076721 


PAGE  "24^ 


where  Z  -  resistance  of  junction,  equal  to 


Z= 


(7.2a) 


is  one  of  most  important  values,  which  characterize  properties  of 
tunnel  diode. 

Substituting  (7.2a)  in  (7.2),  we  obtain 


=  (  Rt - T  ]  +  j  ( «»/.. 

V  '+“'^7  V 


I  +  u'C'iR* 


The  active  part  of  the  input  resistance  of  tunnel  diode  can  be  both 
the  positive  and  negative  depending  on  the  relationship/ratio  between 
the  circuit  parameters.  At  the  frequency,  equal  to  zero,  real  part 
Zux  will  be  negative,  if  £„>/?,;  with  other  all  frequencies  the 
condition  of  negativity  ReZ„x  is  recorded  then  . 


R.< 


R. 

i  +  ^'CqR') 


(7.4) 


It  follows  from  this  formula  that  with  increase  in  frequency 
satisfaction  of  condition  ReZox<0  becomes  complicated,  since  it 
requires  smallness  of  values  R,  and  C». 


) 
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Inequality  (7.4)  can  be  resolved  relative  to  frequency.  The 
frequency,  at  which  the  active  part  of  the  input  resistance  of  tunnel 
diode  becomes  zero,  it  is  called  the  cut-off  frequency: 


f 


n> 


1 

2  nR,C, 


(7.5) 


When  R0--=RS  frr,=0  and  diode  not  at  what  frequencies  possesses 
negative  resistance.  Cut-off  frequency  defines,  to  what  limits  (in 
the  frequency)  tunnel  diode  taking  into  account  its  parasitic 
parameters  behaves  as  negative  resistance. 


Analysis  of  formula  (7.5)  shows  that  input  resistance  of  tunnel 
diode  is  negative  in  a  wider  frequency  band,  the  less  its  parameters 
R,  and  C„.  It  follows  from  the  formula  that  the  cut-off  frequency 
grows/rises  with  the  decrease  of  negative  resistance  proportional  to 
root  from  R, . 
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Fig.  7.10.  Graph  of  input  resistance  of  tunnel  diode. 

Page  379. 

Active  component  of  input  resistance  and  cut-off  frequency  do  not 
depend  on  inductance  L,. 


Upon  inclusion  of  tunnel  diode  in  diagram  it  is  necessary  to  keep 
in  mind  that  its  parameters  change  due  to  effect  of  network  elements. 
Parameters  L <  and  grow/rise  due  to  inductance  and  capacitance  of 
jumpers  (or  due  to  the  inductance  coils  and  resistor/resistance 
specially  included  in  diagram).  The  presence  of  unavoidable  backs-out 
resistor  leads  to  increase  in  R„.  All  these  reasons  lead  to  the  fact 
that  the  critical  frequency  of  tunnel  diode  in  the  diagram  is  obtained 
below  its  natural  critical  frequency. 


3 


Cut-off  frequency  is  one  of  fundamental  indices  of  suitability  of 
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tunnel  diodes  for  work  as  super  wide-band  device/equipment  (generator, 
amplifier) . 

Input  resistance  of  tunnel  diode  Z„x(to)  can  be  represented  on 
plane  (R,  jX)  in  the  form  of  curve,  shown  in  Fig.  7.10.  If  inductance 
L*  was  equal  to  zero,  then  curve  would  take  the  form  of 
semicircumference.  At  the  frequency,  equal  to  zero,  the 
representative  point  lies/rests  to  the  left  of  the  axis  of  ordinates 
and  has  coordinates  (#»— Ro,  0],  At  the  infinite  frequency  when  i,=o  the 
representative  point  lies/rests  to  the  right  of  the  axis  of  ordinates 
and  has  coordinates  {/?*,  0],  The  presence  of  inductance  changes  the  shape 
of  the  curve,  giving  to  it  the  form,  shown  in  the  figure  by  solid 
line.  Point  of  intersection  with  curve  with  the  axis  of  ordinates 
gives  cut-off  frequency,  i.e.,  that  frequency,  at  which  the  active 
part  of  the  input  resistance  becomes  zero.  The  frequency,  at  which  it 
is  turned  into  zero  reactive  parts  of  the  input  resistance  of  tunnel 
diode,  it  is  called  the  resonance  frequency  of  tunnel  diode.  It  is 
easy  to  obtain  from  formula  (7.3)  that 


Equivalent  schematic  of  tunnel  diode,  given  earlier,  is  mixed 
series-parallel  diagram. 

Page  380. 


In  a  number  of  cases  it  is  desirable  to  have  either  purely  consecutive 
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or  purely  parallel  equivalent  circuit.  Series  circuit  of  the 
substitut ion  of  tunnel  diode  is  depicted  in  Fig.  7.11.  In  this 
diagram 

»  =  R,  r,  _  1  +  ^co^o 
*  1  +  ’  0 

In  other  cases  to  more  conveniently  use  the  parallel  equivalent 
circuit,  shown  in  Fig.  7.12.  In  the  parallel  diagram 

,,  _  *;  + 
w 'L,  ’  K*—  R. 

Diagrams  given  above  were  valid  for  the  small  signal  level. 

During  the  analysis  of  the  processes,  which  occur  in  the  diagrams  on 
the  tunnel  diodes,  when  the  amplitude  of  oscillations  cannot  be 
considered  small,  it  is  necessary  to  take  the  schematic  of  the 
substitution  of  tunnel  diode  in  the  form,  represented  in  Fig.  7.13. 

On  this  diagram  the  p-n  junction  is  substituted  by  capacitance  C0  and 
nonlinear  element  N,  the  current  through  which  is  connected  with  the 
voltage  applied  to  it  with  dependence  I=«p(U),  where  <p(U)  -  equation  of 
the  volt-ampere  characteristic  of  tunnel  diode. 
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Fig.  7.11.  Fig.  7.12. 

Fig.  7.11.  Series  circuit  of  substitution  of  tunnel  diode. 

Fig.  7.12.  Parallel  schematic  of  substitution  of  tunnel  diode. 


Fig.  7.13.  Schematic  of  substitution  of  tunnel  diode  for  large 
amplitudes. 
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7.4.  PARAMETERS  OF  TUNNEL  DIODES. 

Let  us  become  acquainted  now  with  parameters  of  tunnel  diodes, 
entering  its  equivalent  diagram,  but  so  with  some  properties  of  tunnel 
diodes  about  which  it  was  not  mentioned  earlier. 

Tunnel  diodes,  as  has  already  been  spoken,  differ  from  usual 
diodes  in  terms  of  very  high  concentration  of  admixtures/impurities. 
Therefore  the  properties  of  tunnel  diodes,  their  parameters  and 
characteristics  first  of  all  depend  on  impurity  content.  Described  in 
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[136]  is  the  experiment,  which  showed  that,  by  changing  the  degree  of 
the  alloying  of  semiconductor,  it  is  possible  consecutively/serially 
to  switch  over  from  typical  tunnel  diode  to  usual  semiconductor  diode. 
The  falling/incic-snt  section  on  the  volt-ampere  characteristic  of 
tunnel  diode  is  formed  only  if  concentration  of  admixtures/impurities 
in  such  semiconductors  as  germanium  or  silicon,  has  a  value  of 
approximately  101*  cm' 1 .  With  this  concentration  germanium  (or 
silicon)  is  the  degenerate  semiconductor  and  in  the  diode  the  tunnel 
passage  of  electrons  can  be  observed.  The  value  of  negative 
resistance  of  diode  is  inversely  proportional  to  the  probability  of 
the  tunnel  passage  of  electrons.  T£n  turn  the  probability  of  tunnel 
passage  depends  substantially  on  thickness  of  p-n  junction,  i.e.,  from 
the  width  of  the  potential  threshold.  The  higher  the  concentration  of 
admixtures/impurities,  the  less  the  thickness  of  transition/junction 
and,  therefore,  the  less  the  value  of  negative  resistance. 

Table,  which  shows  dependence  of  value  of  negative  resistance  and 
time  constant  of  tunnel  diode  from  electron  concentration  in  n-region 
for  some  specimen  tunnel  diodes,  is  given  to  [126]. 

Increase  of  concentration  of  admixtures/impurities  in 
semiconductors  for  decreasing  negative  resistance  of  tunnel  diodes  is 
limited  to  solubility  of  elements  in  germanium  or  silicon. 
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Thus,  critical  solubility  in  germanium  of  n-type  comprises  for  P(>101# 
cm-1),  As(1.8*101#  cm'1),  in  germanium  of  p-type  for  Ga(5*1010  cm"1), 
for  A1  ( 4 • 10 1 0  cm"1).  Besides  germanium  and  silicon  for  producing  the 
tunnel  diodes  are  utilized  also  SiC,  InSb,  GaAs.  Tunnel  diodes  from 
gallium  arsenide  cause  the  greatest  interest  at  present. 


Second  fundamental  parameter  of  tunnel  diode  is  capacitance  of 
p-n  junction.  This  capacitance  is  greater,  the  higher  the 
concentration  of  admixtures/impurities  in  the  semiconductor.  Increase 
in  the  concentration  of  admixtures/impurities,  which  thereby  leads  to 
the  decrease  of  negative  resistance,  gives  undesirable  effect  in  the 
form  of  an  increase  in  the  transition  capacitance.  From  Table  7.1  it 
is  evident,  however,  that  the  decrease  of  negative  resistance  occurs 
more  rapidly  than  an  increase  in  the  transition  capacitance,  so  that 
the  time  constant  of  tunnel  diode  decreases  with  the  increase  of  the 
concentration  of  admixtures/impurities.  Value  C0R0 ,  as  we  shall  see 
further  on,  determines  the  high-frequency  properties  of  tunnel  diodes. 
As  already  mentioned  earlier,  thickness  of  p-n  junction  in  the  tunnel 
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diodes  composes  100-150  A.  With  this  thickness  the  transition 
capacitance  reaches  the  very  significant  magnitude  of  5  *iF/cm2.  With 
the  diameter  of  transition/ junction  38  n  its  capacitance  will  be  100 
pF  [126].  Therefore  for  obtaining  the  very  small  transition 
capacitances  it  is  necessary  to  substantially  decrease  the  area  of 
transit  ion/ junction.  In  this  case  respectively  increases  negative 
resistance  of  diode.  As  it  will  be  shown  below,  there  are  tunnel 
diodes,  whose  capacitance  comprises  fractions  of  picofarads  [137]. 

Resistor/resistance  of  spreading  Rs  for  tunnel  diodes  ranges  from 
portions  to  units  of  ohms  (in  certain  cases  value  R,  it  can  be  and 
more).  Inductance  L*  is  determined  by  the  construction/design  of 
tunnel  diode.  Usually  it  is  portions  or  units  of  nanohenry. 

Besides  parameters  enumerated  above  tunnel  diodes  are 
rated/estimated  so  by  value  of  maximum  value  of  tunnel  current,  by 
position  of  maximum,  "solution/opening"  of  characteristic  and  by  some 
other  indices. 

Although  penetration  probability  of  electrons  through  potential 
threshold  due  to  tunnel  effect  is  sufficiently  small,  strength  of 
tunnel  current  through  transit  ion/ junction  can  be  very  considerable. 
The  density  of  tunnel  current  is  10 2  A/cm2  [126]. 
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Therefore  in  the  sufficiently  large  area  of  transit  ion/ junction  the 
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strength  of  maximum  current  in  the  tunnel  diode  can  reach  the  units  of 
amperes  [136].  However,  in  this  case  respectively  grows/rises 
transition  capacitance. 


For  high-frequency  tunnel  diodes  strength  of  maximum  current  I, 
is  portions  or  units  of  milliamperes.  The  strength  of  maximum  current 
increases  with  an  increase  in  the  concentration  of 

admixtures/impurities.  In  this  case  an  increase  in  the  degree  of  the 
alloying  of  n-region  increases  the  maximum  value  of  tunnel  current, 
without  changing  the  position  of  maximum,  but  an  increase  in  the 
degree  of  the  alloying  of  p-region  it  increases  the  maximum  of  current 
it  displaces  its  position  into  the  region  of  the  high  values  of 
voltage. 


One  of  characteristics  of  tunnel  diodes  is  value  of  ratio  of 
maximum  current  to  minimum  current  I,..  The  greater  this  relation, 
the  sharper  the  drop  in  the  volt-ampere  characteristic  of  tunnel  diode 
in  the  region  of  negative  slope/transconductance.  The  value  of  ratio 
I  i/I,  is  determined  in  by  material,  from  which  is  manufactured  the 
diode.  It  comprises  3-4  for  Si  and  40-70  for  GaAs.  It  follows  from 
given  data  that  from  the  point  of  view  of  obtaining  the  larger  value 
I,/I,  the  best  material  is  gallium  arsenide,  and  worst  -  silicon. 

They  are  interested  also  in  the  voltage  at  which  is  reached  current 
I,,  i.e.,  by  value  U,  of  the  component  of  30-50  mV  for  GaSb  and  90-120 


mV  -  for  GaAs. 
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By  "opening"  of  volt-ampere  characteristic  of  tunnel  diode  is 
understood  voltage  difference  AU  between  two  points  of 
characteristics,  current  in  which  is  equal  to  I*  (see  Fig.  7.6).  The 
greater  this  value,  the  greater,  in  particular,  the  drop  in  the 
voltage  removed  from  the  tunnel  diode  in  the  mode  of  switching.  It  is 
approximately  200  mV  for  GaSb  and  600  mV  for  GaAs.  More  detailed  data 
for  different  materials  are  cited  further  in  table  7.2. 

With  work  of  tunnel  diode  as  switching  element  together  with  time 
constant  t=C„R,  (it  it  is  equivalent  to  reciprocal  value  of  quality  of 
tube)  are  interested  in  value  ratios  I/C#,  which  does  not  depend  on 
area  of  transit  ion/ junction,  but  it  depends  only  on  concentration  of 
admixtures/ impurities . 

Page  384. 

For  germanium  Ij/C,-  is  0.3-1  mA/pf,  for  silicon  -  approximately  0.5 
mA/pf  and  for  gallium  arsenide  of  10-15  mA/pf.  In  this  respect 
gallium  arsenide  is  also  the  most  promising  material  for  producing  the 
tunnel  diodes. 

Parameters  of  tunnel  diodes  enumerated  above  are  given  in  Table 
7.2  [138]  and  7.3  [137]. 

It  follows  from  Table  7.2  that  the  smallest  time  constant,  equal 
to  0.5*10'X1  s,  is  possessed  by  tunnel  diodes  from  indium  antimonide. 
Such  tunnel  diodes  can  successfully  be  used  in  the  high  speed 
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electronic  computers;  however,  they  have  the  deficiency,  that  they  can 
work  only  at  low  temperatures.  Table  7.3  gives  data  of  the  special 
superhigh-frequency  tunnel  diodes,  which  have  very  small  transition 
capacitance.  In  the  last  column  of  table  the  critical  frequency  of 
tunnel  diodes  is  given. 

Let  us  pause  now  at  dependence  of  parameters  of  tunnel  diodes  on 
environmental  factors,  such,  as  temperature,  emission,  etc.  As  is 
known,  the  parameters  of  transistors  and  usual  semiconductor  diodes 
strongly  depend  on  temperature.  Temperature  effect  on  the  properties 
of  tunnel  diode  is  characterized  by  a  certain  peculiarity. 


Table  7.3. 
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Tunnel  diodes  on  the  strength  of  the  fact  that  the  semiconductor  in 
them  is  degenerate  and  Fermi  level  remains  in  conduction  band  or  in 
the  valence  band  for  regions  n-  and  p-type  respectively  even  at  very 
low  temperatures,  they  can  work  even  at  a  temperature  of  liquid 
helium.  It  is  shown  in  [136]  that  a  change  in  the  temperature  of 
diode  from  -193  to  +200°C  does  not  lead  to  a  change  in  position  U  of 
the  maximum  of  tunnel  current;  very  current  strength  is  changed  in 
this  case  not  more  than  by  20%. 


) 


With  an  increase  in  temperature  of  tunnel  diode  increase  in 
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diffusion  current  begins.  The  minimum  current  of  diode  I2  increases 
because  of  this  and  value  Ii/Ia  decreases.  The  size/dimension  of  the 
falling/incident  section  of  volt-ampere  characteristic  is  decreased 
and  at  a  certain  temperature  entirely  disappears.  The  maximum 
temperature,  at  which  tunnel  diode  still  retains  its  properties,  is 
equal  to  +250°C  for  Ge,  +400°C  for  Si  and  +600°C  for  GaAs  [136]. 

Thus,  tunnel  diodes  differ  from  other  semiconductor  devices 
considerably  in  terms  of  the  broader  band  of  operating  temperatures. 

Tunnel  diodes  are  characterized  by  also  high  permissible 
intensity  of  radioactivity.  The  characteristics  of  silicic  and 
germanium  tunnel  diodes  noticeably  deteriorate  during  irradiation  by 
their  fast  neutrons  with  a  density  of  10 17  neutrons/cm1  or  by 
electrons  with  the  energy  7  MeV  at  the  density  of  flow  10l10e/cm2.  As 
a  result  of  irradiation  the  strong  increase  in  the  minimum  current, 
which  leads  to  the  disappearance  of  the  section  of  characteristic  with 
the  negative  slope/transconductance,  occurs. 

Speaking  about  advantages  of  tunnel  diodes,  it  should  be  pointed 
out  that  they  consume  power,  approximately  by  an  order  smaller  than 
transistors,  and  they  are  also  characterized  by  small  overall 
dimensions  and  weight. 

At  conclusion  of  present  section  let  us  pause  at  some  questions 
of  measurement  of  parameters  of  tunnel  diodes. 
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Removal/taking  volt-ampere  characteristic  of  tunnel  diodes  can  be 
realized  with  the  aid  of  automatic  voltampere  recorder,  whose 
schematic  diagram  is  shown  in  Fig.  7.14  [139].  It  is  the  bridge,  one 
of  arms  of  which  consists  of  tunnel  diode  TD  and  ‘resistor/resistance 
R,. 

Page  386. 

Resistor/resistance  Ra  must  be  lower  than  the  minimum  (on  the 
modulus/module)  value  of  negative  resistance  of  tunnel  diode  for 
guaranteeing  the  stable  operation  of  diagram.  Special  attention 
should  be  given  the  inductance  of  the  holder  and  the 
resistors/resistances  would  be  being  brought  to  the  minimum.  The 
alternating  voltage  from  the  generator  of  low  frequency  is  introduced 
in  the  diagonal  of  bridge. 

Before  removal/taking  of  volt-ampere  characteristic  bridge  is 
balanced  with  off  diode.  After  the  switching  on  of  tunnel  diode 
voltage  will  vary  in  proportion  to  the  current  through  the  tunnel 
diode,  and  ue  will  be  voltage  on  the  tunnel  diode.  Amplifying 
voltages  u‘  and  and  supplying  the  first  of  them  to  the  those  the 
vertically  deflecting,  and  the  second  -  to  the  horizontal  deflectors 
of  oscillograph,  we  will  obtain  on  the  screen/shield  the  curve,  which 
expresses  the  dependence  of  the  current  through  the  diode  on  the 
voltage  on  it,  i.e.,  the  volt-ampere  characteristic  of  tunnel  diode. 


With  the  aid  of  system  described  above  it  is  possible  to  conduct 


£>3S 
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measurement  of  differential  resistor/resistance  of  tunnel  diode  in  any 
section  of  characteristic  [139].  For  this  purpose  into  the  diagonal 
of  bridge  is  introduced  the  source  of  bias  voltage  and  the  source  of 
alternating  voltage  <§  of  low  frequency  (so  that  it  would  be  possible 
to  disregard/neglect  the  reactive/jet  circuit  parameters).  The 
amplitude  of  alternating  voltage  must  comprise  not  more  than  the  units 
of  millivolts  on  the  tunnel  diode. 
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Fig.  7.14.  Diagram  for  removing/taking  volt-ampere  characteristic  of 
tunnel  diode. 
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Balancing  bridge  on  alternating  current,  is  found  the 
resistor/resistance  of  the  arm,  in  which  the  diode  is  included: 

D  _  RtR' 

KoOm  —  + 

whence  ^  ~  where  W"RK  +  R:  Rs  -  resistor/resistance  of 

spreading,  and  -  resistor/resistance  of  diode.  In  the 
falling/incident  section  of  characteristic 

7.5.  Stability  of  the  diagrams,  which  contain  tunnel  diodes. 

Since  diagrams,  which  contain  elements  with  negative  resistance, 
are  potentially  inclined  to  self-excitation,  let  us  examine  question 
about  stability  of  diagrams  on  tunnel  diodes.  In  S  7.4  there  were 
established  concepts  of  the  cut-off  frequency  of  tunnel  diode  f>v<  at 
which  it  is  turned  into  zero  active  parts  of  its  input  resistance,  and 
resonance  frequency  f\--^  at  which  it  is  turned  into  zero  reactive  parts 
of  the  input  resistance. 
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It  is  obvious  that  if  cut-off  frequency 


t - 1 _ |/  E± _ 

'rp  —  2nC,R,  V  R. 


will  be  equal  to  resonance 


fiaa~~  2n]/‘^.c.  (  1  c,Rl)’ 


the  at  frequency'  the  resistance  of  the  circuit,  formed  by 
parasitic  parameters  of  tunnel  diode,  will  be  equal  to  zero.  Tunnel 
diode  will  be  unstable,  i.e.,  will  spontaneously  generate  sinusoidal 
oscillations.  Equality  fn>  and  I pea  means  that 


D  _  L, 

Kg  i  R,c,  • 


So  that  tunnel  diode  would  be  stable  it  is  necessary  that 
/i-«n>/rp  or  But  if  Aea^/rp  or  then  tunnel  diode 

will  be  unstable. 
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If  external  elements  of  network  (inductance,  effective 
resistance)  are  connected  to  tunnel  diode  in  the  manner  that  it  is 
shown  in  Fig.  7.15,  then  it  will  be  the  stability  condition  of  diagram 


where 
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R  —  R*  +  Rb,i\  l  — -  L,  -j-  Luu. 

It  follows  from  this  formula  that  switching  on/inclusion  of 
inductance  raises  danger  of  self-excitation  of  diagram  on  tunnel 
diode.  Therefore  during  the  construction  of  diagrams  on  the  tunnel 
diodes  it  is  necessary  to  take  special  measures  for  decreasing  the 
inductance  of  the  jumpers  and  other  parts. 

Let  us  turn  again  to  diagram,  represented  in  Fig.  7.15.  The 
processes,  which  occur  in  this  diagram,  can" be  described  by  the 
differential  equations 


/==c*  §-+*<“)•  L£+Ri  +  u  =  E. 

Here  i  -  current  of  duct/contour;  u  -  voltage  on  tunnel  diode; 
<p(u)  -  equation  of  volt-ampere  characteristic  of  tunnel  diode. 

In  state  of  equilibrium,  when  alternating  voltage  components  and 
current  will  be  absent. 


<p(«),  Ri-^-u  =  E. 
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Fig.  7.15.  Circuit  diagram  of  elements  of  external  circuit. 
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These  equations  determine  points  of  intersection  with  load 
straight  line  with  volt-ampere  characteristic  of  diode.  Equation  of 
the  load  straight  line 

I  ,  /: 

It  is  obvious  that  depending  on  value  of  load  resistor/resistance 
and  voltage  of  source  of  bias/displacement  position  of  load  straight 
line  with  respect  to  volt-ampere  characteristic  of  diode  can  be 
different.  Fig.  7.16a  shows  the  case,  when  load  straight  line 
intersects  volt-ampere  characteristic  in  the  falling/incident  section, 
moreover  so  that  the  inclination/slope  of  full-load  saturation  curve 
is  more  than  the  inclination/slope  of  volt-ampere  characteristic. 

Fig.  7.16b  shows  the  case,  when  the  value  of  bias  voltage  is 
undertaken  either  small  or  large,  so  that  full-load  saturation  curve 
intersects  volt-ampere  characteristic  only  at  one  point  in  the  section 
with  the  positive  slope/transconductance. 
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Fig.  7.16.  Position  of  load  straight  line  with  respect  to  volt-ampere 
characteristic  of  tunnel  diode. 


tunnel  diode. 

Page  390. 

Finally,  Fig.  7.16c  gives  the  case,  when  load  straight  line  intersects 
volt-ampere  characteristic  at  three  points.  These  points  indicate  the 
position  of  equilibrium  of  system.  It  is  known  for  [84]  that  if  the 
load  straight  line  has  one  point  of  intersection  with  the  volt-ampere 
characteristic,  then  the  state  of  equilibrium  is  stable,  and  if  three 
points  of  intersection,  then  end  states  are  stable,  and  average  - 
unstable. 
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We  linearize  volt-ampere  characteristic  of  tunnel  diode  in 
section  with  negative  slope/transconductance  (Fig.  7.17),  after 
assuming 


Then  the  system  of  equations,  which  describes  processes  in  the 
diagram,  will  take  the  form: 


La1T+Ri  +  u  =  E. 

Substituting  second  equation  into  the  first  and  converting,  we 
obtain 


General  solution  of  this  equation  takes  form 


/  =  Aex,/  4-  Aji'1 4-  - — Et 
1  '  ’  ~  R-R,  ’ 


where 


2  (r.C.  tC.  ('  R.)  t(t~r!c) 


Assuming/setting 


w"vlc;-  * 


A\> 


we  obtain 
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Fig.  7.18  depicts  diagram  of  stability,  which  has  four  zones.  If 
the  circuit  parameters  are  such  that  the  values  r\  and  6  corresponding 
to  them  fall  to  zone  I,  then  in  the  diagram  the  excitation  of 
sinusoidal  oscillations  will  be  observed.  The  sinusoidal  damping  of 
oscillations  corresponds  to  the  parameters  which  fall  into  zone  II. 
Zone  III  is  a  zone  of  exponential  damping  of  oscillations,  while  zone 
IV  -  the  zone  of  an  exponential  increase  in  the  oscillations.  This 
zone  is  of  greatest  interest  from  the  point  of  view  of  the  generation 
of  relaxation  oscillations. 

ft 

Let  us  assume  that  relation  and  let  us  explain  effect  of 

parameter  6  on  processes,  which  occur  in  diagram  with  tunnel  diode. 
With  the  change  6  from  0  to  0.52  (to  these  values  of  the  parameter  6 
at  those  fixed/recorded  R0  and  C0  it  corresponds  the  greatest  value  of 
inductance  L)  in  the  diagram  occurs  aperiodic  instability,  i.e., 
diagram  can  work  as  switch  or  as  relaxation  oscillator. 
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Fig.  7.18.  Diagram  of  zones  of  stability  and  instability  of  diagrams 
on  tunnel  diode. 

Page  392. 

With  a  decrease  of  inductance  (6>0.52),  the  equilibrium  in  the  diagram 
remains  unstable,  but  the  form  of  the  generatable  oscillations 
acquires  sinusoidal  nature.  With  an  even  smaller  value  of  inductance 
(6>1.5)  the  state  of  equilibrium  becomes  stable  and  the  randomly 
emergent  in  the  diagram  oscillations  attenuate.  With  this 
relationship/ratio  of  the  parameters  the  diagrams  on  the  tunnel  diodes 
are  utilized  for  amplifying  the  oscillations. 

Thus,  from  diagram  examined  it  follows  that  with  R>R,  state  of 
equilibrium  of  diagram  is  unstable  with  any  relationships/ratios  of 
parameters.  With  R<R0  the  state  of  equilibrium  can  be  both  the  stable 
and  unstable  depending  on  the  value  of  inductance  L.  Let  us  note  that 
the  equation  curved,  dividing  zones  I  and  II,  takes  the  form 


DOC  =  88076722 


<W  H 

PAGE  SM 


l  (»  D  L 

V  =  ?r  R  =  cj;- 

Key:  (1) .  or. 

This  curve  is  boundary,  which  divides  zones  of  stability  and 
instability.  So  that  the  diagram  would  be  stable  it  is  necessary  that 
This  conclusion  was  already  obtained  earlier  of  the  simple 
physical  considerations.  The  examination  of  the  zones  of  stability 
and  instability  shows  that  the  range  of  a  change  in  value  R,  in  which 
the  diagram  remains  stable,  lies/rests  within  the  limits 

R.>R>c, 


7.6.  BISTABLE  FLIP-FLOP  ON  THE  TUNNEL  DIODE. 

Bistable  flip-flop  is  diagram  on  tunnel  diode,  for  which  must  be 
carried  out  condition  R>R0.  To  the  mode  of  the  work  of  bistable 
flip-flop  corresponds  such  position  of  full-load  saturation  curve  with 
respect  to  the  volt-ampere  characteristic,  in  which  they  intersect  at 
three  points.  Bistable  flip-flop  is  utilized  for  converting  the 
oscillations  of  sinusoidal  or  other  form  into  the  sequence  of 
steep-sided  pulses. 

Simplest  schematic  of  bistable  flip-flop  is  given  on  Fig.  7.19 
and  consists  of  tunnel  diode  TD  and  resistance  R  (power  supply  is  not 
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shown ) . 

Page  393. 

With  the  work  of  tunnel  diode  as  the  switching  element  should  be 
distinguished  the  mode  of  switching  current,  which  occurs  with  the 
load  resistance/resistor,  close  to  negative  resistance  of  diode  at 
operating  point  R0,  and  the  mode  of  switching  voltage,  which  occurs 
with  R»R0.  In  the  first  case  a  considerable  change  in  the  current 
through  the  tunnel  diode  occurs,  and  flip-flop  has  high  sensitivity  to 
the  input  voltage;  however,  the  amplitude  of  output  voltage  is 
comparatively  small.  In  the  second  case  a  change  of  the  current  is 
small,  the  sensitivity  of  flip-flop  proves  to  be  low,  but  the 
amplitude  of  output  voltage  has  the  significant  magnitude.  Usually  in 
the  impulse  circuits  the  mode  of  switching  voltage  is  utilized. 

Process  of  impulse  shaping  from  sine  voltage  is  shown  on  Fig. 
7.20.  As  can  be  seen  from  the  figure,  the  steep-sided  pulses  are 
obtained  at  the  output  of  diagram,  although  their  form  strongly 
differs  from  rectangular.  A  negative  drop/jump  in  the  pulses  is  less 
than  the  positive. 
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Fig.  7.19.  Diagram  of  bistable  flip-flop. 


Fig.  7.20.  Process  of  impulse  shaping  in  bistable  flip-flop. 

Page  394. 

The  pulse  duration  at  the  output  of  the  diagram  is  determined  by  the 
frequency  of  sine  voltage,  and  amplitude  -  by  characteristic  of  tunnel 
diode. 


From  point  of  view  of  possibility  of  obtaining  maximally  narrow 
pulses  via  their  subsequent  formation  from  pulses,  developed  by 
flip-flop,  there  is  greatest  interest  in  determination  of  duration  of 
fronts.  The  switch  time  of  flip-flop  on  the  tunnel  diode  is 
determined  only  by  the  elements  of  its  network,  since  the  tunneling 
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junction  of  the  electrons  through  the  potential  threshold  can  be 
considered  inertia-free.  This  property  of  tunnel  diodes  differ 
significantly  them  from  other  semiconductor  devices.  In  the  mode  of 
switching  voltage  in  the  form  of  the  smallness  of  a  change* in  the 
current  it  is  possible  to  disregard  the  effect  of  its  own  inductance 
of  tunnel  diode;  therefore  switch  time  will  depend  only  on  transition 
capacitance. 

During  analysis  of  work  of  bistable  flip-flop  the  fundamental 
question  is  the  determination  of  switch  time  of  tunnel  diode,  which 
assigns  steepness  of  pulse  edges  at  output,  and  also  operating  speed 
of  flip-flop,  i.e.,  frequency  of  switchings. 

Above  has  already  been  indicated  that  tunnel  passage  of  electrons 
through  potential  threshold  does  not  require  expenditures  of  time; 
therefore  switch  time  of  tunnel  diode  is  completely  determined  by  its 
parasitic  parameters.  In  the  case,  when  tunnel  diode  works  in  the 
mode  of  bistable  flip-flop,  its  full-load  saturation  curve  is 
arranged/located  with  respect  to  the  volt-ampere  characteristic  in  the 
manner  that  it  is  shown  in  Fig.  7.21. 
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Fig.  7.21.  To  explanation  of  process  of  switching  flip-flop. 

Page  395. 

(Let  us  note  that  here  for  convenience  in  the  graphing  there  is 
undertaken  the  mode  of  switching  current;  everything  said  completely 
relates  below  also  to  the  mode  of  switching  voltage).  Operating  point 
in  initial  state  is  in  position  A.  Then  to  the  diode  is  supplied  the 
slowly  increasing  voltage,  under  the  action  of  which  the  operating 
point  passes  from  A  to  B.  From  this  time  on  diagram  it.  considers  to 
itself  given.  Since  position  B  is  unstable,  then  the  operating  point 
abruptly  passes  from  B  to  C.  The  formation  of  the  front  of  output 
pulse  occurs  at  this  moment  of  time.  If  diagram  did  not  contain 
reactive/jet  elements,  then  the  transition  from  position  B  to  position 
C  would  be  completed  instantly.  Under  the  actual  conditions  to  this 
transition/junct ion  the  time,  called  the  time  of  straight/direct 
switching,  is  required. 

After  operating  point  fell  into  position  C,  it  spontaneously  is 


DOC  =  88076722 


PAGE  '’>9^ 


moved  to  position  D.  This  state  of  equilibrium  is  stable,  and  in  it 
diagram  can  be  found  the  unlimited  time.  In  computer  technology  the 
first  stable  position  of  flip-flop  (point  A)  is  counted  for  zero,  and 
the  second  stable  position  (point  D)  -  for  one.  In  order  to  transfer 
flip-flop  from  the  state,  characterized  by  position  D,  into  the  state, 
characterized  by  position  A,  it  is  necessary  to  decrease  the  voltage 
on  the  diode,  so  that  the  operating  point  could  pass  to  position  E. 
Hence  it  spontaneously  abruptly  will  pass  to  position  F,  and  then  in 
A.  The  time  required  for  the  transition/ junction  of  operating  point 
from  E  to  F  is  called  the  time  of  reconnection  of  diode. 

For  realization  of  reconnection  of  diode  it  is  necessary  that 
converted  voltage  would  decrease  so  that  voltage  on  diode  would  become 

m 

less  than  U2.  In  the  computers  for  this  purpose  the  negative  dumping 
pulses  are  supplied. 

Let  us  examine  in  more  detail  process  of  straight/direct 
switching.  In  the  mode  of  switching  the  voltage  of  point  C  and  D  they 
lie/rest  very  closely  to  each  other,  and  therefore  we  will  not  take 
into  consideration  transit  time  from  C  to  D.  Therefore,  it  is  assumed 
that  the  current  through  the  diode  virtually  is  not  changed  during  the 
switching. 

Page  396. 

At  the  moment  of  time  t=0,  which  corresponds  to  the  beginning  of 
switching  diode,  the  operating  point  is  located  in  position  B  and 
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entire  current,  developed  by  source,  is  the  current  of  diode  lx.  Let 
us  note  that  the  voltage  of  source  in  the  case,  when  diagram  works  in 
the  mode  of  switching  voltage,  is  sufficiently  great;  it  is  equal  to 
the  voltage,  which  corresponds  to  the  point  of  intersection  with  the 
straight  line  AD  and  axis  of  abscissas. 

Voltage  on  diode  and,  therefore,  on  capacitance  of  C,  is  equal 
U,.  As  soon  as  voltage  on  the  diode  it  will  exceed  value  Ulf  begins 
the  charge  of  capacitance  of  C0.  The  charge  of  capacitance  of  C, 
becomes  possible  because  with  an  increase  in  the  voltage  on  the  tunnel 
diode  its  current  decreases.  Therefore  appears  certain  spill  current 
ir  =  ‘\— i.\<  which  goes  to  the  charge  of  capacitance. 

Process  of  charge  of  capacitance  is  developed  avalanche-like.  As 
soon  as  small  the  charging  current  begins  to  flow  through  the 
capacitance,  voltage  on  the  capacitance  grows/rises.  The  increase  of 
voltage  causes  reduction  in  current  through  the  diode  and  increase  in 
the  current  through  the  capacitance.  Voltage/stress  on  the 
capacitance  begins  still  more  rapid,  which  leads  to  an  even  larger 
increase  of  charging  current,  etc.  The  avalanche-like  increase  of 
voltage  on  the  capacitance  (and,  therefore,  on  the  tunnel  diode) 
occurs  until  with  an  increase  in  the  voltage  on  the  capacitance 
grows/rises  the  current  of  charge,  i.e.,  until  the  voltage  achieves 
value  U,.  In  other  words,  the  avalanche-like  process  in  the  diagram 
on  the  tunnel  diode  lasts  until  tunnel  diode  is  negative  resistance. 


3 
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After  the  voltage  on  diode  achieved  value  U2,  voltage  on 
capacitance  continues  to  increase,  since  through  it  current  of  charge 
continues  leak.  However,  the  strength  of  current  of  charge  now  no 
longer  increases,  and  it  decreases  with  an  increase  in  the  voltage, 
and  therefore  rate  of  voltage  rise  on  the  capacitance  falls. 

It  is  easy  to  see,  that  rate  of  voltage  rise  on  capacitance  or, 
that  it  is  more  clearly,  time,  required  for  increase  of  voltage  on  one 
volt,  is  different  for  different  sections  of  curve.  At  point  the  V 
current  of  the  charge  of  capacitance  is  equal  to  zero;  therefore  if  at 
the  moment  of  time  t=0  input  voltage  does  not  exceed  the  value  of 
voltage  Ulf  then  operating  point  will  be  unlimitedly  for  long  located 
in  this  position  (on  the  assumption  that  in  the  diagram  they  are 
absent  are  electrical  fluctuations). 

Page  397. 

In  order  to  displace  operating  point  from  this  position,  it  is 
necessary  that  the  starting  voltage  would  exceed  value  Ux. 

Fig.  7.22  shows  time  characteristics  of  tunnel  diode  [140]. 
Depending  on  the  value  of  the  overvoltage  (i.e.  the  values,  which 
show,  to  how  much  voltage  of  starting/launching  it  exceeds  value  Ux) 
the  retention  time  of  operating  point  in  the  vicinities  of  point  B  is 
different.  This  time  is  called  the  delay  time  of  functioning,  and  it 
is  the  greater,  the  less  the  value  of  overvoltage.  However,  as  far  as 
very  switch  time  is  concerned,  it  barely  depends  on  the  value  of 
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It  is  not  difficult  to  explain  the  course  of  these  graphs/curves. 
As  has  already  been  said  earlier  (chapter  5),  avalanche-like  processes 
are  characterized  by  the  fact  that  at  the  initial  moments  of  the  time, 
when  the  changing  value  of  voltage  is  low,  its  change  occurs  with  the 
very  low  speed  and  for  achievement  with  this  value  of  any  level  long 
time  is  required.  After  the  changing  value  achieved  certain, 
sufficient  large,  value,  it  begins  to  grow/rise  at  a  very  high  speed. 
Supply  to  the  diode  of  the  starting  voltage,  which  exceeds  voltage  Ulf 
is  necessary  for  an  increase  in  the  voltage  of  up  to  the  level,  on 
which  the  speed  of  its  change  would  be  sufficient  large. 


Let  us  now  move  on  to  timing  of  switching  [134]. 
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Fig.  7.22.  Form  of  frontal  part  of  voltage  pulses  on  tunnel  diode 
with  different  values  of  value  of  overvoltage. 

Key:  (1).  overvoltage. 

Page  398. 

At  the  moment  of  time  t>0  the  current  of  the  charge  of  capacitance 
(Fig.  7.23) 


where  E  -  value  of  voltage,  which  corresponds  to  the  point  of 
intersection  with  the  straight  line  AD  and  axis  of  abscissas.  Rate  of 
the  increase  of  voltage  on  the  capacitance 

du  _ 

~dt  C 

The  time,  during  which  this  voltage  will  change  from  value  Ux  to  U,, 
is  equal 
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Let  us  designate  through  AU  difference  U,-Ux  and  we  will  consider 
that  pulse  edge  is  formed/shaped  in  period,  required  for  changing 
voltage  on  capacitance  from  value  Uj+o.lAU  to  value  U3-0.1AU.  Then 

t/,— o.uu 

S  t 

U,+ O.IW 

Let  us  consider  that  /c=Il  —  ia,  where  ‘a  is  approximated  by  function 
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Fig.  7.23.  Fig.  7.24. 

Fig.  7.23.  Determination  of  switch  time. 
Fig.  7.24.  Dependence  of  m  on  7. 

Page  399. 


After  substituting  this  expression  into  the  formula  for  4,  we  will 
obtain 


o.iai; 


/*  =  c 


r 

U  —  V,  T  1  ~ 

Ui  —  4  ^ 

4-4  ] 

(T)  #.C. 


where  m(7)  is  certain  coefficient.  The  graph/diagram  of  dependence  of 
m  on  7  is  given  in  Fig.  7.24.  With  7=3 . 6-2 . 8m=2 ,  whence  the  duration 
of  the  front  of  the  positive  drop/jump 

4  —  2  C0Rt. 

To  analogous  results  come  other  authors  [126,  141]. 


Work  [140]  gives  graph/curve,  which  shows  so  they  are  called 
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switching  characteristics  of  germanium  tunnel  diodes  (Fig.  7.25).  It 
is  to  the  right  plotted  along  the  axis  of  ordinates:  N  -  carrier 
concentration  in  the  semiconductor  of  the  type  n  and  p  - 
resistor/resistance  of  a  semiconductor  of  the  type  n.  Along  the  axis 
of  abscissas  is  plotted  the  strength  of  maximum  current  of  diode  Ij 
and  the  maximum  power  P,  scattered  by  diode.  To  the  left  along  the 
axis  of  ordinates  is  plotted  the  ratio  of  the  maximum  current  ix  to 
capacitance  of  C0  and  constant 

t  =  C#^~2C0/?0, 

representing  the  switch  time  of  diode. 


) 
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The  dependences  between  the  values  indicated  are  expressed  by  the 
lines,  constructed  for  the  different  values  of  the  diameter  of 
transition  (or  capacitance  C, ) .  It  follows  from  Fig.  7.25  that  with 
the  capacitance  of  diode  C„=10  pF  and  I^SO  mA  the  switch  time  is 
equal  to  0.1  ns. 


7.7.  MONOSTABLE  FLIP-FLOP  ON  THE  TUNNEL  DIODE. 


Monostable  flip-flop  on  tunnel  diode  represents  system,  which 
possesses  by  one  stable  and  one  by  unsteady  states  of  equilibrium.  In 
initial  state  the  diagram  is  in  the  steady  state?  trigger  pulse  moves 
it  into  unsteady  state,  from  which  it  under  the  action  of  external 


DOC  =  88076722 


PAGE  ^"5^ 


reasons  comes  again  into  the  steady  state.  For  the  monostable 
flip-flop  on  the  tunnel  diode  is  characteristic  the  fact  that  the 
full-load  saturation  curve  intersects  volt-ampere  characteristic  only 
at  one  point  (see  Fig.  7.16b). 

Let  us  examine  processes,  which  occur  in  diagram  (Fig.  7.26)  in 
the  case,  when  full-load  saturation  curve  intersects  volt-ampere 
characteristic  of  tunnel  diode  at  point  A  (Fig.  7.27).  In  this  state 
on  the  tunnel  diode  operates  voltage  L/»  and  through  it  flows  current 
l»-  Under  the  action  of  external  voltage  (trigger  pulse),  the  full-load 
saturation  curve  is  moved  to  the  right;  operating  point  passes  from 
position  A  to  position  B,  and  then  rapidly  jumps  to  position  C. 
Inductance  Lt  supports  the  constancy  of  current  at  the  moment  of 
switching.  After  migrat ion/ jump  the  operating  point  begins  slowly  to 
be  moved  from  position  C  to  position  D.  At  this  time  the  energy, 
accumulated  in  the  inductance  coil,  gradually  is  scattered  on  the 
effective  resistance  of  diagram  and  the  current  through  the  inductance 
decreases . 


DOC  =  88076722 


PAGE 


+/ 


Fig.  7.26.  Schematic  diagram  of  monostable  flip-flop. 
Key:  (1).  Starting/launching.  (2).  output. 
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When  operating  point  falls  into  position  D,  it  abruptly  passes  to 
left  branch  of  volt-ampere  characteristic  to  position  E.  At  this 
moment  of  time  begins  the  increase  of  the  current  through  the  tunnel 
diode  and,  therefore,  through  inductance  Lx.  Magnetic  energy  of 
inductance  coil  begins  to  grow/rise;  the  battery,  which  feeds  diagram, 
is  its  source.  Operating  point  is  moved  from  E  to  A.  The  last 
position  of  operating  point  is  stable,  and  in  it  it  is  found  until 
trigger  pulse  again  enters  the  diagram. 

Process,  which  occurs  in  monostable  flip-flop,  can  be  broken  into 
four  stages.  The  first,  during  which  operating  point  jumps  from 
position  B  to  position  C,  is  a  stage  of  the  formation  of  the  pulse 
edge  or  straight/direct  switching.  The  second  stage,  during  which  the 
operating  point  passes  from  position  C  into  D,  is  a  stage  of  shaping 
of  pulse  apex.  Third  stage  -  the  migration/ jump  of  operating  point 
from  position  D  into  E  -  the  stage  of  the  formation  of  the 
shear/section  of  pulse  or  reconnection  (jettisoning).  Finally,  the 
fourth  stage,  which  corresponds  to  the  transit  ion/junction  of 
operating  point  from  position  E  into  A,  the  stage  of 
restoration/reduction. 
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Fig.  7.27.  Determination  of  recovery  time  tj  and  duration  of  pulse 

Page  402. 

Process  of  switching  diagram  on  tunnel  diode  has  already  been 
examined  earlier;  therefore  let  us  now  pause  only  at  determination  of 
time,  required  for  shaping  of  apex/vertex  (and  approximately  equal  to 
duration  of  pulse  tH),  and  recovery  time  We  linearize  the 
volt-ampere  characteristic  of  tunnel  diode  in  the  manner  that  it  is 
shown  in  Fig.  7.27.  Then  the  tunnel  diode  in  section  CD'  can  be 
represented  as  the  source  of  voltage  Ew  which  possesses  internal 
resistor/resistance  Ra2,  shunted  by  capacitance  of  C0  (Fig.  7.28). 
Equivalent  oscillator  circuit  will  contain  also  supply  of  power  E, 
inductance  Lr  and  resistor/resistance  R.  Since  the  process  of  the 
displacement  of  operating  point  from  B  in  C  is  comparatively  slow,  in 
the  examination  of  it  it  is  possible  to  eliminate  the  effect  of 
transition  capacitance  C0. 


<{<U- 
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Equation,  which  is  used  for  determining  the  pulse  duration,  i.e., 
transit  time  of  operating  point  for  section  CD' ,  in  operational  form 
takes  form  [142,  143] 

since  at  moment  of  time,  which  corresponds  to  determination  of 
operating  point  in  position  C,  current  I,=Ia.  Here 


) 
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shaping  of  pulse  apex. 


Page  403. 


The  solution  of  this  equation  takes  the  form 


or  in  another  recording 


and  voltage  on  the  diode 


ii  (f)  —  /  (/ )  R;la  if,  — 


where  r,=Lx/Ra. 


Assuming  u(/„)~Ui  and  solving  equation  relatively  *».  we  will  have 
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Analogously  can  be  determined  recovery  time  of  diagram  on  tunnel 
diode.  Equation  for  this  interval  of  time  according  to  the  equivalent 
diagram,  shown  in  fig.  7.29,  will  be  recorded  as  follows: 


(pL,  +  /?,)  /  (p)  ---£  +  lapLx. 

Here  +  where  -  resistor/resistance  of  tunnel  diode  in 

section  EA;  I„  -  current,  determined  by  initial  conditions. 
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restoration/reduction. 

Page  404. 

Solution  of  equation  takes  form 


l(P)  = 


pL(p+% r)  /»+■£• 


After  first  cycle  of  oscillations  I,*I1  and  expression  for 
current  as  function  of  time  will  be  recorded  in  the  form 


where 


x  =  hi 

'  », 


Output  potential  of  diagram 

«  f0  =  ‘  (0  R,u  =  [(/.-  £] 

For  determining  the  duration  of  the  restoration/reduction  of  diagram 
let  us  place  —  and  mode  equation  relatively  tB- 
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Fig.  7.30.  Shape  of  pulse  at  the  output  of  monostable  flip-flop. 

Page  405. 

Into  this  formula  enters  value  which  is  determined  according 
to  characteristic  of  diode  as  follows: 

then 

tu  =  x,  )n 

Shape  of  pulse  at  output  of  monostable  flip-flop  is  shown  in  Fig. 

7.30. 


Oscillatory  period,  which  corresponds  to  maximally  possible 
frequency  of  work  of  flip-flop,  will  be  defined  as  sum  of  time,  spent 
on  shaping  of  apex/vertex,  and  time,  spent  on  restoration/reduction  of 
diagram,  whence 


.) 
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Above  was  examined  case,  when  full-load  saturation  curve 
intersected  left  branch  of  volt-ampere  characteristic  of  tunnel  diode. 
Is  feasible  such  operating  mode,  during  which  the  full-load  saturation 
curve  intersects  right  branch.  The  direction  of  the  motion  of 
operating  point  for  this  case  is  shown  in  Fig.  7.31,  and  the  form  of 
the  obtained  voltage  -  on  Fig.  7.32.  Trigger  pulse  must  have  negative 
polarity. 

Above  has  already  been  indicated  that  approximation  of 
volt-ampere  characteristic  of  tunnel  diode  by  line  segments  cannot  be 
considered  satisfactory  on  high  level  of  signal,  which  occurs  in 
generators.  Therefore  the  conclusions,  made  on  the  base  of  this 
approximation,  are  very  approximate;  furthermore,  they  do  not  give  a 
correct  representation  about  the  form  of  the  generatable  oscillations. 
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Fig.  7.31.  Motion  of  operating  point  according  to  volt-ampere 
characteristic  of  tunnel  diode. 

Page  406. 

Data  of  calculation  in  the  machine  of  the  form  of  oscillations  for  the 
monostable  flip-flop  taking  into  account  the  objective  parameter  of 
tunnel  diode  are  cited  in  [144].  Two  curves,  which  present  the 
dependence  of  voltage  on  the  tunnel  diode  from  the  time  with  the 
different  values  of  inductance,  are  given  in  Fig.  7.33a  and  b.  As  is 
evident,  the  form  of  these  oscillations  is  distant  from  that,  which  is 
shown  in  Fig.  7.30. 
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change  in  position  of  initial  operating  point. 


Fig.  7.33.  Form  of  output  potential  of  monostable  flip-flop  upon 
consideration  of  real  form  of  volt-ampere  characteristic  of  tunnel 
diode. 

Key:  (1).  H.  (2).  mV. 


Page  407.  . 

7.8.  SELF-EXCITED  OSCILLATOR  ON  A  TUNNEL  DIODE.  SOME  DIAGRAMS  OF 
FLIP-FLOPS  AND  GENERATORS. 


( 
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Self-excited  oscillator  on  tunnel  diode  differs  from  flip-  flops 
in  terms  of  fact  that  full-load  saturation  curve  for  it  intersects 
volt-ampere  characteristic  in  section  with  negative 

slope/transconductance.  Thus,  resistor/resistance  R<R0;  however,  the 
inductance  of  diagram  it  is  undertaken  such  value,  with  which  the 
state  of  equilibrium  in  the  diagram  is  unstable.  The  equivalent 
diagram  of  self-excited  oscillator  with  the  necessary  designations  is 
given  in  fig.  7.34. 

This  diagram  can  be  described  by  system  of  nonlinear  differential 
equations: 

u  ---  u,  -f-  /R, 

‘r-  (">)’  (7  j) 

Here  i^uj  -  equation  of  the  volt-ampere  characteristic  of  tunnel 
diode. 


Allowing/assuming  dog-leg  approximation  of  volt-ampere 
characteristic,  it  is  possible  to  obtain  already  known  earlier  than 
linear  equations,  which  describe  behavior  of  system  into  process  of 
shaping  of  apex/vertex  or  in  reduction  process.  The  results  of 
solving  these  equations,  given  in  S  7.9,  can  be  used  also  for 
determining  the  period  of  oscillations  and  duration  of  the  pulses 
formed  with  self-excited  oscillator. 
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Fig.  7.34.  Equivalent  diagram  of  self-excited  oscillator  on  tunnel 
diode. 
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Fig.  7.35.  Shapes  of  pulses,  generated  by  diagram  on  tunnel  diode, 

S' 

depending  on  position  of  operating  point  on  volt-ampere  characteristic 
(upper  row)  and  in  dependence  .on  value  of  inductance  (lower  row). 

Key:  (1).  mV.  (2).  mH.  (3).  s.  (4).  H. 

Page  409. 

Therefore,  without  stopping  at  the  analysis  of  generator  with  the 
linearized  characteristic,  let  us  give  the  results  of  solving  the 
system  of  equations  (7.7)  in  digital  computer  [144]  and  it  is 
expressed  them  in  the  form  of  graphs/curves  (Fig.  7.35).  In  the  upper 
row  the  diagrams  of  voltage  on  the  diode  in  the  dependence  on  the 
characteristic  of  point  on  the  characteristic  of  diode,  shown  in  Fig. 
7.36  (on  the  characteristic  of  the  position  of  operating  point  they 
are  designated  by  the  numerals,  which  correspond  to  the  number  of 
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figure  in  the  upper  series/row),  are  given,  whence  it  follows  that  the 
displacement  of  the  position  of  operating  point  over  the 
characteristic  leads  to  a  noticeable  change  in  period  and  pulse 
duration.  This  fact  cannot  be  discovered  by  the  theory,  which  is 
based  of  a  piecewise-broken  approximation  of  the  volt-ampere 
characteristic  of  diode.  In  the  lower  row  of  curves  (Fig.  7.35)  the 
diagrams  of  voltage  on  the  diode  in  the  dependence  on  value  L  are 
given.  With  a  decrease  in  the  value  of  inductance  the  frequency 
rises,  and  their  form  approaches  sinusoidal. 

Results  given  above  show  that  form  of  oscillations  in  generators 
on  tunnel  diodes  depends  substantially  on  position  of  operating  point 
on  characteristic  and  relationship/ratio  of  parameters  of  diode  and 
external  circuit.  This  fact  indicates  that  to  the  conclusions,  made 
on  the  base  of  the  piecewise-broken  approximation  of  the 
characteristic  of  diode,  it  is  necessary  to  relate  with  the 
precaution. 

In  [145]  is  described  schematic  of  monostable  flip-flop  on  tunnel 
diode  from  gallium  arsenide  with  germanium  diode  of 

connection/communication.  In  the  diagram  (Fig.  7.37)  was  utilized  the 
tunnel  diode  IN3118  and  germanium  diode  ID3-050. 


< 
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Fig.  7.36.  Positions  of  operating  point  on  volt-ampere  characteristic 
of  tunnel  diode. 

Page  410. 

Full-load  saturation  curve  (resistance/resistor  of  the  load  of  13 
ohms)  crossed  the  volt-ampere  characteristic  of  diode  at  point 
somewhat  more  left  than  the  maximum  of  current,  i.e.,  diagram  worked 
approximately  in  the  same  mode,  as  the  monostable  flip-flop,  the 
diagrams  of  voltage  for  which  were  given  in  Fig.  7.33.  This  diagram 
made  it  possible  to  form/shape  the  pulses  of  the  pointed  form,  which 
closely  coincides  with  the  calculated  form,  shown  in  Fig.  7.33a.  The 
pulse  duration  was  determined  by  inductance  L.  With  L«0.33  txH  it  was 
approximately  4  ns,  also,  with  L=0.68  nil  -  approximately  8  ns.  The 
authors  gave  the  graph/curve,  from  which  it  followed  that  the  pulse 
duration  in  the  sufficiently  broad  band  of  a  change  in  the  inductance 
is  the  linear  function  of  inductance. 


Besides  diagrams  on  one  tunnel  diode  are  utilized  two  or  more 
tunnel  diodes.  Fig.  7.38  shows  two  schematics  of  bistable  flip-flops 
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-  the  first  with  the  inductive,  and  the  second  and  with  capacitive 
coupling  [146].  In  the  diagram  with  the  inductive  coupling  supply 
voltage  is  taken  by  such,  that  one  of  the  diodes  is  opened  when  the 
other  diode  is  closed.  A  difference  in  the  currents  of  two  diodes 
passes  through  inductance.  In  state  of  rest  the  voltage  on  the 
inductance  is  equal  to  zero.  'When  the  input  voltage  changes  over 
diode,  opening  it,  the  voltage  which  closes  the  second  (open)  diode, 
appears  on  the  inductance. 

Systems  described  above  were  pulse  generator  circuits  with  lumped 
parameters.  Tunnel  diodes  make  it  possible  to  perform  generators, 
also,  with  the  distributed  circuits,  since  they  are  coupled  well  with 
the  distributed  systems,  for  example  with  the  strip  lines. 


( 
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Fig.  7.37.  Schematic  of  monostable  flip-flop  on  tunnel  diode. 

Key:  (lj.  input.  (2).  Output. 

Page  411. 

Theoretically  question  about  excitation  of  long  line  by  negative 
resistance  was  examined  by  A.  Witt  as  early  as  1936  [147],  The 
method  given  was  used  [148]  for  the  analysis  of  generator  with  the 
tunnel  diode.  The  diagram  investigated  by  it  was  the  section  of  long 
line,  at  one  end/lead  of  which  were  connected  they  will  short  circuit 
the  diode  and  supply  of  power,  and  the  other  is  short-circuited. 

If  the  operating  point  was  established/installed  in  section  of 
characteristic  of  tunnel  diode  with  negative  slope/transconductance, 
then  in  the  diagram  oscillations  were  excited.  In  the  general  case 
the  voltage  and  current  in  the  generator  have  very  complex  stepped 
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form.  The  simplest  forms  of  oscillations  -  square  pulses  of  voltage, 
were  obtained  with  the  low  wave  impedance;  with  an  increase  in  the 
wave  shape  drag  of  oscillations  became  complicated  and  with  took 
the  form,  which  reminds  the  form  of  oscillations  in  the  generator  with 
the  lumped  parameters. 

Oscillatory  period  in  simplest  case,  when  form  of  oscillations  is 
rectangular,  has  minimum  value,  equal  to  4t3  (where  t3  -  delay  time  of 
oscillation  with  passage  along  line).  Are  possible  also  oscillations, 
also,  with  the  considerably  larger  period.  For  practical  purposes  the 
greatest  interest  they  will  represent,  apparently,  the  simplest  types 
of  oscillations. 
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Fig.  7.38.  Pulse  generator  circuits  on  two  tunnel  diodes:  a)  with 
inductive;  b)  with  capacitive  coupling. 

Key:  (1).  Input.  (2).  Output. 

Page  412. 

The  authors  conducted  experimental  research,  which  confirmed  the 
forecast  theoretically  complicated  vibration  modes.  In  the  line  with 
a  wave  impedance  of  75  ohms  were  obtained  the  pulses  of  pointed  form 
by  duration  on  the  foundation  of  approximately  50  ns  and  with  an 
amplitude  0.25-0.3  V. 

From  point  of  view  of  nanosecond  pulse  technique  these  results 
cannot  consider  good;  but  authors  did  not  set  as  their  goal  to  obtain 
maximally  narrow  pulses.  In  the  diagrams  the  considerably  best 
results  can  be  obtained,  especially  if  we  replace  cable  with  strip 
line  with  the  low  wave  impedance. 

Fig.  7.39  gives  two  practical  oscillator  circuits  of  pulses, 
which  use  cable  as  time-assigning  element  [141].  Diagrams  on  the 
tunnel  diodes,  using  elements  with  the  lumped  parameters,  are 
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characterized  by  very  low  frequency  stability.  The  frequency  of  the 
vibrations  of  such  generators  depends  very  greatly  on  a  change  in 
supply  voltage. 
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Fig.  7.39.  Oscillator  circuits,  which  use  cable  as  time-  assigning 
element:  a)  consecutive;  b)  parallel  connection  of  network  elements. 
Key:  (1).  Cable.  (2).  uH. 

Page  413. 

In  the  oscillator  circuits,  which  use  long  lines,  the  oscillatory 
period  is  determined  by  time  of  landing  run  of  signal  along  the  line 
and  virtually  it  does  not  depend  on  a  change  in  supply  voltage.  In 
the  first  diagram  tunnel  diode,  supply  of  power  and  short-circuited 
cable  are  connected  in  series,  and  secondly  -  in  parallel. 

Fig.  7.40  gives  oscillograms  of  output  potentials  of  first 
diagram  taken  for  three  values  of  bias  voltage:  0.12;  0.18;  0.26  V. 
As  can  be  seen  from  figure,  the  oscillatory  period  virtually  does  not 
depend  on  bias  voltage.  (In  the  absence  of  line  oscillator  frequency 
with  this  change  in  supply  voltage  it  is  changed  approximately  two 
times).  The  duration  of  the  pulse  edges  is  approximately  10  ns,  but 
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it  can  be  reduced  during  an  improvement  in  the  construction/design  of 
generator. 

7.9.  IMPULSE  CIRCUITS  ON  SEMICONDUCTOR  SWITCHES. 


Semiconductor  switches  consist  of  three  series-connected  p-ns 
junction  as  this  shown  in  Fig.  7.41.  Devices/equipment  with  this 
structure  possess  the  specific  volt-ampere  characteristic,  represented 
in  Fig.  7.42.  During  the  supplying  to  the  diode  of  positive  voltage 
to  the  p-emitter  and  negative  to  the  n-emitter,  in  it  there  begins  to 
flow  the  current,  as  in  the  usual  diode. 
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Fig.  7.40.  Oscillograms  of  output  potential  of  generator  at  different 
values  of  bias  voltage. 

Page  414. 

Differential  resistor/resistance  of  diode  with  this  is  very  great 
and  composes  hundreds  of  megohms.  The  current  grows  with  an  increase 
in  the  voltage  and  at  the  voltage  there  occurs  breakdown 

After  breakdown  the  voltage  on  the  diode  falls,  and  the  current  rises. 
The  section  with  the  negative  differential  resistance  appears  on  the 
characteristic.  When  current  reaches  value  on  the  diode 

operates  voltage  £A>ct-  During  the  supplying  to  the  changing  over  diode 
of  voltage  u>ump  the  instrument  is  changed  over  into  the  conducting 
state.  The  input  resistance  of  the  open  diode  is  0.5-1  ohms. 

Data  of  some  samples  of  semiconductor  switches  [149]  let  us  give 


in  Table  7.4. 
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Fig.  7.41  circuit  diagram  of  four-layer  diode  into  external  circuit. 


Fig.  7.42.  Volt-ampere  characteristic  of  four-layer  diode. 

Page  415. 

Simplest  example  of  diagram  on  changing  over  diode  is  generator 


of  powerful  current  pulses  Fig.  7.43a.  Supply  voltage  E  must  be  more 
than  the  voltage  of  switching  diode.  Resistance  R  must  be  such  so 
that  the  current  limited  to  it  would  not  exceed  the  value  of  the 
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current  of  disconnection,  with  the  closed  changing  over  diode 
capacitor/condenser  C  is  charged  through  resistances  R  and 
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n) 

IlapaMtrpu  aho^ub 

2N  —  2N  AK)D 

(Si) 

WX8-JG 

(Ge) 

Hanpawenue  nepeK.none- 

t20— 200^ 

25—250^ 

HUN 

'•'Tok  nepcKJiwieiiufl 

tf) 

0—0,2  aid 

1-10  MO0 

•ADcratoMiioc  iianpH/Kcmic 

0,9  3S> 

0,5—1 

I'OHoMWiajibiiuii  TOK 

50  Ma© 

500  m a(£) 

Key:  (1).  Parameters  of  diodes.  (2).  Voltage  of  switching.  (3). 
in.  (4).  Current  of  switching.  (5).  mA.  (6).  Residual  voltage. 
(7).  Rated  current. 


Fig.  7.43.  Oscillator  circuit  of  powerful  current  pulses,  voltage 
oscillogram  on  diode  (a)  and  current  through  changing  over  diode  (b). 

Page  416. 


When  potential  at  point  A  reaches  the  value,  which  corresponds  to  the 
voltage  of  switching,  the  changing  over  diode  is  opened.  The  capacitor 
is  discharged  on  the  resistance/resistor  of  load  R„  and  the  changing 
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over  diode.  In  this  case  the  current  in  the  load  virtually  is 
determined  by  valued  Capacitor  discharge  continues  until  the  current 
through  the  changing  over  diode  drops  to  value  /m«a-  At  this  point  the 
changing  over  diode  returns  to  the  initial  state,  and  cycle  is 
repeated.  The  diagrams  of  voltages  and  currents  in  the  diagram  are 
given  on  Fig.  7.43b.  A  similar  oscillator  circuit  makes  it  possible 
to  obtain  with  the  low  resistance/resistors  of  load  (to  100  ohms) 
current  pulses  with  an  amplitude  to  several  amperes  with  the  duration 
of  front  of  less  than  10  ns. 


Fig.  7.44  shows  schematic  of  monostable  flip-flop  with  high  input 
resistance.  High  input  resistance  is  provided  by  the  start  of  usual 
diode,  as  shown  in  Fig.  7.44.  Starting/launching  is  conducted  by 
pulses  of  reversed  polarity.  Fig.  7.45  gives  the  schematic  of 
bistable  flip-flop  on  two  changing  over  diodes.  The  circuit 
parameters  are  selected  so  that 
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Let  us  assume  that  in  initial  state  changing  over  diode  DPa  was 
in  conducting  state.  During  the  supplying  to  the  input  of  the  diagram 
of  negative  pulse  occurs  the  triggering/opening  of  the  changing  over 
diode  DP i .  Capacitor  C  begins  to  be  recharged.  During  the  arrival  of 
the  following  negative  pulse  DPa  remains  in  the  conducting  state,  and 
DPj  is  cut  off.  Switch  time  and  off  time  are  the  important  parameters 
of  the  changing  over  diode  (Fig.  7.46). 
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Fig.  7.44.  Diagram  of  monostable  flip-flop  on  four-  layer  diode. 
Key :  ( 1 ) .  Ifnput . 


DOC  =  88076723 


PAGE 


Fig.  7.45.  Diagram  of  bistable  flip-flop  on  four-layer  diode. 
Key:  (1).  Input.  (2).  Output. 


Fig.  7.46.  Time  characteristics  of  four-layer  diode. 

Key:  (1).  Delay.  (2).  Front. 

Page  418. 
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This  figure  gives  the  oscillogram  of  a  change  in  the  pulse.  The  time 
of  switching  on  consists  of  the  delay  time  and  time  of  front. 
According  to  data  [149]  time  of  switching  on  of  200  ns.  For  the 
germanium  diodes  this  value  composes  only  of  10  ns,  which  makes  with 
their  interesting  for  the  application  in  the  nanosecond  pulse 
technique.  Their  high  stability  to  the  overloadings  with  respect  to 
the  current  is  a  valuable  property  of  the  changing  over  diodes. 
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CHAPTER  EIGHT. 

OTHER  METHODS  OF  IMPULSE  SHAPING. 

8.1.  Impulse  shaping  in  circuits  with  nonlinear  inductance. 

In  pulse  technique  recently  ever  wider  application  find  methods 
of  impulse  shaping  with  nonlinear  inductances,  which  make  it  possible 
to  obtain  "tubeless"  oscillator  circuits  [1]. 

In  forming  circuits  with  nonlinear  inductance  are  utilized 
properties  of  nonlinear  dependence  B=B(H)  of  ferromagnetic  materials 
(Fig.  8.1).  Inductance  coils  with  the  ferromagnetic  cores  in  these 
circuits  either  are  the  commutating  element  during  the  discharge  of 
the  accumulator/storage  of  energy  or  the  functions  of  the  fundamental 
forming  element  are  fulfilled. 
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Fig.  8.1.  Hysteresis  loop  of  material  of  core. 

Fig.  8.2.  Pulse-shaping  circuit  with  nonlinear  inductance. 

Page  420. 

Fig.  8.2  gives  pulse-shaping  circuit  with  nonlinear  inductance, 
which  performs  role  of  commutating  element.  If  the  core  of  inductance 
coil.  L  is  made  from  ferromagnetic  square-loop  material  of  hysteresis, 
i.e.,  if  Br/B,  is  close  to  unity,  then  in  the  process  of  changing  the 
current  strength  in  the  coil  its  inductive  reactance  will  sharply 
change  from  the  very  low  value  (when  *i~l)  to  very  large  (when  n  great) 
and  vice  versa.  Consequently,  this  inductance  coil  can  be  a  good 
commutating  element.  In  the  diagram  in  Fig.  8.2  reservoir  capacitor  C 
is  charged  through  choke/throttle  Lx  from  the  source  of  alternating 
voltage  3.  With  the  aid  of  the  constant  magnetic  biasing  the  core  of 
coil  L  in  initial  state  is  in  the  mode,  which  corresponds  to  point  b 
in  Fig.  8.1. 

Current  which  increases  strength  of  field  H  in  core  of  this 
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coil,  flows/occurs  during  a  charge  of  capacitor  C  in  coil  L. 

Therefore  grows/rises  magnetic  permeability  of  core  u  and, 
consequently,  also  value  of  inductance  L.  If  condition  L»lx  is 
satisfied,  then  current  is  small  and  capacitor/condenser  C 
virtually  is  charged  only  through  coil  Lx.  It  is  possible  to  fit  the 
parameters  of  circuit  so  that  the  process  of  charge  of  capacitor  will 
occur  in  the  oscillatory  mode  in  the  presence  of  the  resonance  of 
circuit  with  a  frequency  of  f  of  external  power  supply.  Voltage 
across  capacitor  in  this  case  changes  according  to  the  law 

u  =  —  UQ  (1  —  e~“')  cos  2r.ft, 

where  U  -  amplitude  of  the  source  of  alternating  voltage; 

-  energy  factor  of  charging  circuit; 
a  -  attenuation  factor. 


Examining  only  one  oscillatory  period,  it  is  possible  with 
sufficiently  high  energy  factor  of  duct/contour  to  record 


«  =  —  UQat  cos  2it ft. 

For  half  of  oscillatory  period  voltage  across  capacitor  attains 
maximum  value  « mbkc  =nU/2.  and  current  toward  the  end  of  half-period 
becomes  equal  to  zero. 

Page  421. 


With  a  change  in  direction  of  flow  the  capacitor/condenser  begins  to 
be  discharged,  and  then  to  be  recharged  and  to  the  termination  of  the 
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oscillatory  period  the  voltage  on  it  attains  the  maximum  value  (in  the 
absolute  value),  equal  to  ?rU.  The  commutation  of  circuit  must  be 
realized  at  this  moment  and  capacitor  discharge  will  begin.  When 
capacitor  C  was  charged,  current  ‘i.  through  the  commutating  coil  first 
increased,  reaching  maximum  to  half  of  the  period  of  oscillations  T/2. 
To  the  strength  of  maximum  current  Wc  must  correspond  the 
intensity/strength  of  magnetic  field  #>»  (fig.  8.1).  Then  for  second 
half-period  of  current  variations  decreasing  up  to  moment/torque 
t=T,  will  have  small  negative  value,  with  which  will  be  created  in 
core  field  strength,  which  corresponds  to  intensity/strength  at  point 
b  in  curve  B (H)  (fig.  8.1).  In  this  case  sharply  falls  value  of 
magnetic  permeability  n  and,  therefore,  inductance  L,  i.e.,  commutator 
operates/wears.  From  this  point  on,  there  begins  the  capacitor 
discharge  through  the  effective  resistance  of  load  on  which  is 
formed/shaped  the  output  pulse.  The  pulse  duration  is  approximately 
equal  to 

*u~0,7  RUC. 

For  obtaining  pulse  of  nanosecond  duration  time  constant  of 
discharge  circuit  must  be  small.  Furthermore,  with  the  formation  of 
nanosecond  pulse  the  time  of  commutation  must  compose  a  total  of 
several  nanoseconds.  This  is  determined  by  the  properties  of  the 
material  of  the  core  of  coil  L,  i.e.,  by  the  form  of  its  hysteresis 
loop  in  lower  curvature. 

In  this  diagram  is  formed/shaped  pulse,  on  form  which  differs 
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from  rectangular.  During  the  replacement  of  capacitor/condenser  on 
the  forming  line  it  is  possible  to  form/shape  the  pulses,  close  to  the 
rectangular.  Pulse  repetition  rate  can  be  considerable,  but  porosity 
is  virtually  not  more  than  hundred. 

Fig.  8.3  give  diagram  of  formation  of  nanosecond  pulses  with  coil 
of  nonlinear  inductance  as  commutating  element,  differing  somewhat 
from  preceding/previous  [150].  Here  the  core  of  coil  is  prepared  also 
from  the  ferromagnetic  material,  characterized  by  the  hysteresis  loop, 
represented  in  Fig.  8.1. 

Page  422. 

Sine  voltage  or  trigger  pulses  with  sufficiently  steep  front  can 
be  used  as  a  source  of  starting  voltage.  Capacitance  value  Cx  and 
inductance  is  selected  from  the  condition  of  obtaining  the 
resonance  of  circuit  with  the  frequency  of  external  source.  With  an 
increase  in  current  taking  place  through  coil  L,  grows/rises  the 
intensity/strength  of  magnetic  field  in  the  core  of  this  coil.  With 
an  increase  in  field  H  the  core  proves  to  be  in  the  mode,  which 
corresponds  to  section  be  (Fig.  8.1)  hysteresis  loop.  In  this  case 
sharply  grows/rises  the  inductance  of  coil  L  and  voltage  on  it 
ui.-LdiiJdt ,  voltage  on  circuit  CR».  When  field  H  reaches  the  value  of 
the  saturation  of  core,  further  increase  in  the  current  does  not  lead 
to  an  increase  in  the  voltage  on  coil  L,  but  on  the  contrary,  due  to 
the  sharp  decrease  of  value  L  it  falls.  From  this  point  on,  the 
commutator  closes  discharge  circuit  and  begins  the  discharge  of  the 

') 
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small  capacitance  of  C  through  the  load  resistance/resistor  and  the 
low  value  of  inductance  f-Mim-  The  shape  of  the  obtained  pulse 
corresponds  to  the  picture  of  the  discharge  of  the  capacitance  through 
inductance  Lm,„  and  resistor/resistance  It  is  desirable  so  that 
the  value  would  be  close  to  the  critical  resistor/resistance  of 
circuit . 


Approximate  computations  of  this  circuit  make  it  possible  to  find 
dependences  for  evaluation/estimate  of  pulse  duration  in  different 
parameters  of  circuit  (Fig.  8.4)  [150].  Voltage/stress  on  load  »n  is 
determined  by  the  expression 


2  tMRC 

\Z~4k—  1 


sin 


—  ]  t 
2k 


where  k  —  L^R'C-,  Uc  _  voltage  across  capacitor. 
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Fig.  8.3.  Pulse-shaping  circuit  with  commutating  nonlinear 
inductance. 


U 

RC 

6 


R*r 


Fig.  8.4.  Dependence  of  pulse  duration  from  parameters  of  circuit. 
Page  423. 

For  obtaining  the  pulse  of  larger  slope/transconductance,  it  is 
expedient  to  take  value  k  by  equal  to  one,  then,  after  assigning 

duration  of  pulse  it  is  possible  to  find  constant  value  of  time 

K„C. 


If  hysteresis  loop  noticeably  differs  from  rectangular,  then  to  a 
different  value  of  saturation  current  ««  will  correspond  different 
value  /-m im.  and,  consequently,  to  a  certain  degree  will  change  duration 
of  formed/shaped  pulse  with  constant  value  #nC. 

With  impulse  shaping  of  nanosecond  duration  in  this  circuit  it  is 
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desirable  to  realize  starting/launching  of  diagram  by  steep-sided 
pulse  and  small  duration,  for  example,  obtained  from  blocking 
oscillator.  Depending  on  the  parameters  of  circuit  and  properties  of 
ferromagnetic  core  the  duration  of  the  formed/shaped  pulse  can  be  from 
several  ten  nanoseconds  (or  more)  to  several  nanoseconds.  The  impulse 
shaping  of  smaller  duration  requires  the  application  of  the 
distributed  systems,  which  remove  the  parasitic  circuit  parameters, 
and  also  the  use  of  considerable  circuital  currents. 

For  the  normal  operation  of  diagram  examined  its  elements  must 
satisfy  following  requirements: 

a)  trigger  generator  must  have  high  resistor/resistance; 

b)  starting  velocity  must  be  considerable; 

m 

c)  capacitor/condenser  C  must  have  small . capacitance  in  order  to 
have  time  to  be  loaded  to  considerable  voltage,  but  simultaneously 
sufficiently  large  so  as  to  ensure  necessary  power  during  its 
discharge,  when  pulse  is  formed/shaped. 

In  similar  diagrams  as  cores  of  commutating  inductance  coils  can 
be  utilized  ferrites  with  right-angle  hysteresis  loop,  whose  data  are 
cited  in  Table  4.1. 

Besides  functions  of  commutating  element  nonlinear  inductance  can 
perform  role  of  forming  element.  In  this  case  the  properties  of  the 
material  of  the  ferromagnetic  core  of  coil  determine  not  only 
triggering  time  of  device/equipment,  but  also  shape  of  pulse. 
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Fig.  8.5  gives  the  diagram  of  the  formation  of  the  nanosecond  pulses 
of  high  voltage  with  the  spark  discharger  as  commutator  [151]. 

Capacitor  C  is  charged  through  resistor/resistance  of  R  from  dc 
power  supply  E.  The  breakdown  occurs  after  the  admission  of  trigger 
pulse  to  the  radial  deflection  terminal  of  spark  discharger  P  and 
capacitor/condenser  is  closed  to  the  discharge  circuit.  In  the  lower 
position  of  switches  the  capacitor/condenser  proves  to  be  locked 
directly  to  the  ferrite  element.  The  conductor  of  the  considerable 
section  (with  diameter  to  20  mm)  with  a  length  of  about  40  mm  with  the 
ferrite  rings  put  on  to  it  is  ferrite  element.  During  the  capacitor 
discharge  through  the  conductor  of  ferrite  element  is  passed  current 
as  value  on  the  order  of  100  a.,  which  creates  the  magnetic  field, 
which  saturates  ferrite,  and  its  permeability  u  proves  to  be  close  to 
one.  However,  magnetic  permeability  of  ferrite  is  great  with  the  low 
values  of  current  in  the  process  of  its  build-up/growth  and  is  great 
the  inductance  of  ferrite  element.  Therefore,  on  the  inductance  the 
voltage  pulse  by  value 

where  L0  -  inductance  of  ferrite  element  with  the  saturated  ferrite, 
appears. 

Depending  on  type  of  ferrite  time  of  its  switching  with  assigned 
impulse  steepness  of  current  is  different. 
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Fig.  8.5.  Pulse-shaping  circuit  with  ferrite  element  and  spark 
discharger. 

Key:  (1).  Unit  of  starting. 
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Therefore  the  duration  of  the  formed/shaped  pulse  with  the  different 
ferrites  proves  to  be  different.  For  removal/taking  and  recording  the 
voltage  pulse  in  parallel  to  ferrite  element  is  switched  on  the  ohmic 
divider  R, . 

If  into  the  discharge  circuit  supplementary  inductance  L  is 
introduced  besides  ferrite  element,  then  is  obtained  series  of  bipolar 
pulses  with  decreasing  amplitude,  following  with  natural  vibration 
frequency  discharge  circuit  of  capacitor/condenser.  Capacitance  value 
C  exerts  a  small  effect  on  the  duration  and  the  pulse  amplitude,  but, 
changing  it,  it  is  possible  to  regulate  the  pulse  repetition  rate  and 
their  number  in  the  series.  Introduction  to  the  discharge  circuit  of 
the  supplementary  resistor/resistance  Rj  makes  it  possible  to  obtain 
single  pulses. 


YOU 
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Change  in  supply  voltage  leads  to  change  in  amplitude  of  pulses 
and  their  duration.  With  an  increase  in  the  voltage  the  pulse 
amplitude  increases,  and  their  duration  decreases,  since  ferrite 
reverses  magnetism  more  rapidly. 

For  impulse  shaping  with  duration  of  order  of  one  nanosecond 
similar  diagram  must  be  free  from  parasitic  parameters  of  circuit, 
which  requires  its  appropriate  design. 

In  diagram  with  spark  discharger  it  is  impossible  to  obtain 
periodically  following  pulses  of  sufficient  stability.  With  its  aid 
single  pulses  or  burst  of  pulses  can  be  obtained. 

Fig.  8.6  gives  pulse-shaping  circuit  of  high  voltage  with 
thy.ratron  as  commutating  element  and  nonlinear  inductance.  This 
diagram  can  form/shape  the  periodically  following  pulses  of  large 
power  [152]. 
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Fig.  8.6.  Pulse-shaping  circuit  with  nonlinear  inductance  and 
thyratron. 

Page  426. 

The  capacitor/condenser  of  small  amount  of  capacitance  C  (about  100 
pF)  in  the  initial  state  is  charged/loaded  through  resistor/resistance 
R*  from  the  dc  power  supply  E.  The  thyratron  is  triggered  after  the  . 
admission  of  trigger  pulse  and  capacitor/condenser  C  is  discharged 
through  the  coil  of  the  nonlinear  inductance,  the  thyratron  and 
resistor/resistance  RK. 

Coil  of  nonlinear  inductance  is  winding,  plotted/applied  to 
toroidal  core  from  ferromagnetic  material  (supermalloy ) .  On  the  same 
core  is  arranged/located  the  second  -  output  winding,  connected  with 
the  resistance/resistor  of  load  Re¬ 
current,  which  creates  in  core  magnetic  field,  which  rapidly 
leads  it  to  saturation,  flows  during  capacitor  discharge  through 
powerful  thyratron  over  coil  of  nonlinear  inductance.  For  rise  time 
of  current  in  the  coil  and  magnetic  field  in  the  core  magnetic 
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permeability  of  the  latter  varies  from  the  value,  close  to  one,  to 
high  value  and  then  upon  the  saturation  of  core  it  falls  to  the  value, 
close  to  one.  The  inductance  of  output  coil  for  this  time  also  varies 
from  low  value  to  large  and  again  takes  low  value  upon  the  saturation 
of  core. 

As  a  result  of  this  on  output  winding  pulse  of  approximately 
triangular  form  is  formed/shaped.  The  pulse  duration  depends  on  the 
rate  of  the  magnetic  reversal  of  core,  which  in  turn  depends  on  rate 
of  change  in  magnetic  field  dH/dt.  Depending  on  the  ionization  time 
of  thyratron,  on  the  strength  of  its  current  and  value  of  the 
parasitic  parameters  of  discharge  circuit  rate  of  change  in  the 
current  and,  consequently,  also  magnetic  fields  will  be  different. 

Use  of  a  powerful  thyratron  makes  it  possible  to  obtain  pulses  at 
output  of  diagram  by  duration  about  5  ns  with  amplitude  of  10  kV. 

Accurate  fulfillment  of  mounting  (for  eliminating  parasitic 
circuit  parameters),  selection  of  core  and  thyratron  make  it  possible 
to  form/shape  in  this  diagram  pulses  of  high  voltage  with  duration  of 
front  of  less  than  nanosecond. 

If  in  diagrams  with  linear  forming  lines  and  by  thyratron  does 
not  succeed  in  obtaining  pulse  edge  of  less  than  ionization  time  of 
thyratron,  then  in  this  diagram  pulse  edge  due  to  nonlinear  inductance 
can  be  less  than  ionization  time  of  thyratron  almost  to  whole  order. 
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Calculation  of  such  diagrams  is  complex,  since  it  must  consider 
series/row  of  nonlinear  dependences  (nonlinear  inductance,  nonlinear 
resistance  of  thyratron) ,  and  also  process  of  magnetic  reversal  of 
core.  However,  the  selection  of  the  optimum  mode  of  operation  of 
diagram  does  not  cause  experimentally  special  difficulties. 

Pulse  repetition  rate  in  this  diagram  is  determined  by  thyratron. 
The  stability  of  the  sequence  of  pulses  is  determined  also  by 
thyratron  and  to  a  certain  extent  can  depend  on  the  core  of  nonlinear 
coil . 


8.2.  Electronic  methods  of  impulse  shaping. 

For  the  formation  of  nanosecond  pulses  with  very  high  repetition 
frequency,  measured  by  hundred  megahertz,  electronic  methods  are  used. 
These  methods  consist  in  the  fact  that  from  the  continuous  electron 
stream  in  the  special  vacuum  devices/equipment  form/shape  the 
"packets"  of  electrons,  the  being  short-term  current  pulses.  Current 
pulses,  flowing  through  the  load  connected  to  the 
collector/receptacle,  isolate  on  it  the  voltage  pulses. 

There  are  several  methods  of  formation  of  short-term  bundles  of 
electrons;  so-called  klystron  method  is  most  known  of  them.  The 
high-frequency  oscillations  of  the  sinusoidal  form,  created  by  special 
generator,  are  supplied  to  the  modulator  of  vacuum-tube  instrument. 
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Electron  stream,  passing  through  the  modulator,  periodically  is  braked 
or  is  accelerated  by  the  field  of  high-frequency  oscillator,  are 
formed  electronic  clusters.  These  clusters  are  recovered  by 
collector/receptacle  and  create  on  termination  of  instrument  the 
voltage  pulses. 

A  pulse  generator  of  klystron  type  (it  would  be  it  is  more 
accurately  speak  about  klystron  type  shaper)  differs  from  klystron 
oscillator  in  terms  of  shf  by  the  absence  of  feedback,  and  also  in 
terms  of  fact  that  instead  of  output  resonator  aperiodic  system  serves 
as  its  load  (cable).  From  the  description  of  the  operating  principle 
of  instrument  it  is  evident  that  the  pulse  repetition  frequency  is 
determined  by  the  frequency  of  the  sinusoidal  vibrations,  supplied  to 
the  modulator,  and  can  be  obtained  by  very  high. 
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Thereby  there  is  obtained  the  short  duration  of  the  formed/shaped 
pulses,  which  composes  part  of  the  oscillatory  period.  However,  as 
far  as  the  amplitude  of  formed/shaped  pulses  is  concerned,  it  depends 
on  the  current  strength  in  the  ray/beam  of  vacuum-tube  instrument. 

One  of  klystron  type  oscillators  is  schematically  depicted  in 
Fig.  8.7  [153].  Sine  voltage  with  a  frequency  of  210  MHz  is  supplied 
from  high-frequency  oscillator  1  of  resonator  2.  This  resonator  is 
connected  to  two  grids  of  electric  vacuum  tube  3  and  creates  a 
potential  difference  400  V  between  them.  Electron  beam,  passing 
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through  the  field  between  the  grids,  is  modulated  on  the  rate.  In 
drift  space  (length  of  which  is  equal  to  400  mm)  occurs  electron 
bunching  on  the  density.  The  formed  electronic  clusters  are  recovered 
by  the  collector/receptacle,  which  is  the  continuation  of  the  internal 
core  of  a  70-ohm  cable  4.  The  external  conductor  of  cable  terminates 
by  grid,  which  is  located  before  the  collector/receptacle.  The 
described  diagram  made  it  possible  to  obtain  pulses  by  the  duration  of 
0.2  ns.  The  pulse  amplitude,  measured  by  indirect  methods,  comprised 
the  portions  of  volt. 

Another  sample  of  pulse  generator  of  klystron  type  was  described 
into  [154].  Its  construction/design  took  approximately  the  same  form, 
as  represented  in  Fig.  8.7.  To  the  resonator  was  fed/conducted  the 
voltage  from  the  oscillator  with  an  shf  frequency  of  100  MHz.  The 
voltage  between  the  resonator  grids  was  3000  V;  power  of  approximately 
150  W  was  fed  for  maintaining  this  voltage  to  the  resonator.  For  the 
heat  removal  from  the  collector/receptacle  the  forced  cooling  was 
used. 
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Fig.  8.7.  Klystron  type  electronic  shaper. 
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The  50-ohm  cable  serves  as  a  load  of  oscillator.  As  experimental 
investigations  showed,  in  this  device/ equipment  is  possible  the 
impulse  shaping  with  the  duration  of  0.3  ns  (at  the  level  of  half 
amplitude).  The  time  of  the  establishment  of  pulses  (on  level 
0.1-0. 9)  was  0.1  ns.  The  pulse  amplitude  at  the  output  was  equal  to 
15  V,  which  considerably  exceeds  the  amplitude  of  pulses,  obtained  in 
the  preceding/previous  oscillator. 

For  the  formation  of  very  narrow  pulses  tubes  with  transverse 
beam  deflection  can  be  utilized  besides  klystron  type  oscillators. 

The  principle  of  the  work  of  this  oscillator  consists  of  the 
following.  The  electron  beam  is  passed  between  the  deflector  plates, 
to  which  is  fed/conducted  the  voltage  from  the  oscillator  of  shf  (Fig. 
8.8).  Under  the  action  of  this  voltage  the  electron  beam  completes 
oscillations,  passing  twice  during  the  period  of  high-frequency 
oscillation  along  electrode  3.  On  the  electrode  there  is  a  special 
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slot  through  which  they  pass  the  electrons,  recovered  then  by 
collector/receptacle  1,  as  which  the  internal  conductor  of  coaxial 
cable  can  serve. 

Duration  of  pulses,  generated  by  tube  with  transverse  beam 
deflection,  can  be  calculated  by  formula 

r. 

arc  sin  r,y 

/u  =  i if  ’ 

where  E  -  deflecting  voltage,  necessary  for  change-over  of  ray/beam; 

U  -  amplitude  of  radio  frequency  voltage; 
f  -  its  frequency. 
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Fig.  8.8.  Electronic  shaper  with  beam  deflection:  1  - 
collector/receptacle;  2  -  deflector  plates;  3  -  diaphragm;  4  -  control 
electrode;  5  -  cathode. 
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In  particular,  for  sample  of  tube,  in  which  E=40  V  with  U=500  in 
and  f=10  MHz,  pulse  duration  is  obtained  equal  to  1  ns.  Oscillators 
of  such  type  make  it  possible  to  comparatively  easily  obtain  pulses  by 
the  duration  of  the  units  of  nanoseconds.  A  small  amplitude  of  output 
pulses,  which  moreover,  decreases  in  proportion  to  the  decrease  of  the 
pulse  duration,  is  its  deficiency.  One  of  the  samples  of  oscillator 
on  a  100-ohm  load  made  it  possible  to  obtain  pulses  with  an  amplitude 
0*3-0. 5  V  for  the  duration  of  pulse  1  ns. 

8.3.  Impulse  shaping  by  limitation  and  dif f ere  it iation. 

Method  of  obtaining  pulses  of  short  duration  by  consecutive 
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limitation  and  differentiation  widely  is  used  in  pulse  technique  of 
microsecond  range;  the  same  method  can  find  to  itself  and  limited 
application  in  nanosecond  pulse  technique. 

Let  us  examine  first  question  about  pulse  clipping  of  nanosecond 
duration.  Since  pulse  clipping  on  the  maximum  presents  the  greatest 
difficulty,  let  us  pause  in  essence  on  this  problem.  The 
electron-tube  diodes  of  usual  types  in  the  majority  of  the  cases  are 
unsuitable  for  limiting  the  nanosecond  pulses,  since  they  possess  a 
comparatively  high  internal  resistor/resistance  and  large  stray 
capacitance.  Therefore  for  pulse  clipping  in  the  nanosecond 
technology  are  utilized  either  the  semiconductor  diodes  or  the 
three-electrode  and  multielectrode  tubes,  which  possess  the  large 
ratio  of  current  I ,  to  stray  capacitance  C„. 

L.  V.  Gorachev  [155]  conducted  research  on  the  schemes  of 
consecutive  diode  limiter  on  semiconductor  diodes  of  type  DGTs. 

Limiter  circuit  is  given  in  Fig.  8.9.  Pulses  enter  the  limiter  on  the 
cable,  loaded  to  the  effective  resistance,  equal  to  wave.  At  the 
initial  moment  the  diode  conducts  current,  since  the  voltage  of 
positive  polarity  from  source  E  is  applied  to  it.  Limitation  level  is 
determined  by  the  value  of  the  voltage  of  source  E.  Resistance 
plays  an  important  role  in  this  diagram  Ra. 

Page  431. 

This  resistance,  which  is  the  load  resistance/resistor,  is  the 
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resistor/resistance  of  the  limitation  of  the  current,  which  flows 
through  the  diode,  at  the  same  time.  It  cannot  be  less  than  the  value 
of  the  ratio  of  the  voltage  of  limitation  E  to  the  maximum  permissible 
current  through  the  diode.  However,  as  far  as  the  capacitance  C0  is 
concerned,  it  is  the  parasitic  input  capacitance  of  the  subsequent 
cascade/stage  of  diagram. 

Equivalent  limiter  circuit  in  general  case  takes  form,  shown  in 
Fig.  8.10a,  where  and  indicate  respectively  internal 
resistor/resistance  and  transfer  capacitance  of  diode.  Before  the 
arrival  of  pulse  the  diode  is  opened,  and  since  +  p  and^V  ^'i- 

then  equivalent  diagram  takes  the  form,  depicted  in  Fig.  8.10b.  The 
voltage 

t-» _ p  9  -i~  R  i 

9  +  +  Ka  ’ 

is  established  in  the  absence  of  pulse  at  the  output  of  diagram. 

When  to  the  input  of  diagram  pulse  there  comes  a  pulse  of 
rectangular  shape,  the  diode  will  cease  to  conduct  current,  then 
equivalent  diagram  will  take  form,  shown  in  Fig.  8.10c. 
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Fig.  8.9.  Diagram  of  consecutive  limiter  on  semiconductor  diode. 


Fig.  8.10.  Equivalent  limiter  circuits. 


Page  432. 


A  drop  in  the  voltage  due  to  the  passage  of  the  signal  through  the 
capacitance  of  the  diode 


£/,  =  (/. 


will  appear  at  the  initial  moment  of  time  at  the  output  of  diagram 
since  C0%>CA.  Under  the  ideal  conditions  during  pulse  advancing  at  the 
output  of  limiter  must  operate  the  voltage  of  limitation  E.  Actually, 
so  that  this  voltage  would  be  established/installed,  for  a  while, 
determined  by  product  RaC0  is  required ‘Output  potential  of  limiter 
will  increase  according  to  the  law 
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and  the  time  of  its  establishment  will  comprise  2,2 CUR:>. 

It  is  not  difficult  to  conduct  timing  of  establishment  of  pulses 
at  output  of  limiter.  After  taking,  for  example,  E=20  in  and  after 
selecting  diode  DG-Ts7,  let  us  accept  the  maximum  current  through  the 
diode  15  mA,  which  will  determine  the  value  of  the  resistance/resistor 
of  load  /?a=l340  ohms.  Assuming/setting  input  capacitance  C0=15  pF, 
we  obtain  the  time  of  establishment  44  ns.  including  four  diodes  in 
parallel  to  each  other,  we  increase  the  current-carrying  capacity  in 
the  circuit  and  obtain  /y=ll  ns. 

Considerably  best  results  gives  application  of  junction  diodes  of 
type  DG-Ts23,  DG-Ts24,  DG-Ts26.  Although  the  diodes  of  these  types 
possess  considerable  capacitance;  however,  the  negligibly  low 
resistor/resistance  in  the  straight/direct  passage  of  current  is  their 
advantage.  As  the  experiment  shows,  the  limiter  on  the  junction  diode 
virtually  does  not  worsen/ impair  the  pulse  edge,  but  only  increases 
decay  in  its  flat/plane  part. 
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Fig.  8.11.  Shape  of  pulses  at  the  input  (a)  and  output  (b)  of  the 
limiter . 

Page  433. 

Fig.  8.11a  shows  the  input  pulse  with  a  duration  of  45  ns  on  half  of 
the  amplitude,  with  a  duration  of  the  front  of  5  ns  and  amplitudes  of 
110  V.  Fig.  8.11b  gives  the  oscillogram  of  output  pulse  on  different 
levels  of  limitation.  As  can  be  seen  from  oscillogram,  the  pulse  edge 
virtually  is  not  distorted. 

Considerably  wider  application  for  limitation  find  vacuum-tube 
circuits,  carried  out  on  triodes,  pentodes  and  tubes  with  secondary 
emission.  The  suitability  of  tubes  for  pulse  clipping  of  nanosecond 
duration  naturally  escapes/ensues  from  their  suitability  for  pulsing. 

A  limiter-amplifier  is  formed  from  the  relaxation  oscillator  during 
interrupting  of  feedback  loop. 

Amplifier-limiters  of  larger  partly  are  used  in  output  stages  of 
pulse  generators,  in  which  application  of  feedback  is  frequently 
inexpediently  due  to  presence  of  effective  time  lag.  In  the 
oscillator  of  nanosecond  pulses,  described  into  [102],  the  output 
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stage  was  limiter  on  the  tube  with  the  secondary  emission;  its  diagram 
was  given  earlier  in  Fig.  6.16.  N.  Ye.  Butorin  [3]  conducted 
research  of  the  amplifier-limiter  with  the  transformer;  the  diagram  of 
this  limiter  was  given  in  Fig.  8.12.  During  the  use  of  a  tube  6N15P 
(both  triodes  they  are  connected  in  parallel)  to  its  grid  was  supplied 
the  pulse  of  bell-shaped  form  with  the  duration  of  45  ns  at  level  0.1 
and  with  an  amplitude  of  120  V.  Pulse  /„=30  ns  with  the  same 
amplitude,  but  with  the  plane  vertex  with  a  duration  of  10  ns  was 
created  at  the  output.  During  the  use  of  a  tube  6S3P  in  the  same 
diagram  was  supplied  pulse  20  ns  with  an  amplitude  of  110  V. 
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Fig.  8.12.  Diagram  of  amplifier-limiter. 

Key:  (1).  V. 

Page  434. 

At  the  output  of  the  diagram  there  was  obtained  the  pulse  of  the  same 
duration,  but  with  an  amplitude  of  90  V.  The  pulse  edge  was  4-6  ns. 
The  pulse  of  the  same  duration  and  amplitude  was  obtained  during  the 
supplying  to  this  diagram  of  pulse  ,tH=s  ns  with  an  amplitude  of  80  V 
at  the  output,  but  it  had  a  plane  vertex  with  a  duration  of  4  ns. 
During  the  supplying  to  the  diagram  of  flat-topped  pulses,  it 
shortened  front  and  shear/section  of  pulses. 

Amplifier-limiters  can  effectively  be  utilized  for  obtaining 
pulses  of  short  duration  with  high  repetition  frequency  from  sine 
voltage.  Sinusoidal  oscillation  consecut ively/serially  several  times 
is  limited  and  is  shortened  for  this  (it  is  differentiated).  Pulse 
generator  of  similar  type  is  described  into  [156],  This  oscillator 
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made  it  possible  to  obtain  the  pulses  of  nanosecond  duration  with  the 
repetition  frequency  several  megahertz  and  an  amplitude  of  hundreds  of 
volts.  In  the  output  stages  of  similar  oscillators  one  should  utilize 
tubes  6P9,  6P13S,  GU-29.  In  more  detail  about  the  schematic  of  this 
oscillator  it  will  be  said  below  in  connection  with  a  question  about 
pulse  shortening. 

Interesting  diagram  with  nonlinear  amplifiers,  which  makes  it 
possible  to  obtain  pulses  with  very  steep  fronts,  was  described  into 
[157],  The  schematic  diagram  of  the  basic  building  block  of 
oscillator  is  given  on  Fig.  8.13  and  8.14  they  are  given  the  diagrams 
of  voltages/stresses,  which  elucidate  the  operating  principle  of 
diagram.  To  the  input  of  transformer  and  amplifier  is  supplied  a 
negative  drop  in  the  voltage  with  a  relatively  steep  section  (Fig. 
8.14a  and  b) . 


DOC  *  88076724 


PAGE 


•'ML 


Fig.  8.13.  Schematic  diagram  of  nonlinear  shaper. 

Page  435. 

The  positive  drop  in  the  voltage  (d) ,  which  has  the  large  duration  of 
front  due  to  the  integrating  action  of  the  network  RC,  is  obtained  at 
the  output  of  amplifier.  At  tlia  output  of  transformer  a  drop/jump  in 
the  voltage  is  converted  into  the  pulse  of  exponential  form  (c)  (as  a 
result  of  the  smallness  of  the  primary  inductance  of  transformer). 

This  pulse  enters  the  input  of  tube  La,  whereas  a  positive  drop  in  the 
voltage  enters  the  input  of  tube  L,;  both  these  tubes  are  connected  in 
series.  As  a  result  on  the  plate  load  a  positive  drop  in  the  voltage 
with  the  steep  front  is  obtained  (e). 

Experimental  sample  of  oscillator  was  assembled  on  tubes  EL  34 
(Lj)  and  PL  81  (La,  La).  Transformer  contained  4  turns  each  in  the 
primary  and  secondary  windings. 
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The  core  was  a  ferrite  ring  with  a  diameter  of  23  mm  and  mo=1300.  The 
diagram  made  it  possible  to  form/shape  drops  in  the  voltage  with  the 
very  steep  fronts;  it  would  have  been  possible  to  obtain  pulses  with 
the  duration  in  the  foundation  3  ns  and  with  an  amplitude  of  50  V  by 
the  subsequent. 

Let  us  pause  now  at  question  of  shortening  of  pulse  duration. 

Simplest  shortening  circuit  is  capacitive  differentiating 
circuit,  depicted  in  Fig.  8.15  and  which  consists  of  a  capacitor  of 
small  amount  of  capacitance  C  and  resistor/resistance  R.  During  the 
supplying  to  its  input  of  ideal  square  pulse  with  drop/jump  E  at  the 
output  of  the  circuits  are  obtained  two  exponential  pulses,  whose 
spread/scope  is  also  equal  to  E,  and  the  duration,  measured  at  level 
5%,  comprises  3RC  (Fig.  8.16). 

For  obtaining  pulses  of  short  duration  it  is  necessary  to  take 
low  parameters  of  differentiating  circuit.  Thus,  for  obtaining  the 
pulse  with  a  duration  of  6  ns  it  is  necessary  to  take  time  constants, 
equal  to  2  ns;  this  it  is  possible  to  obtain  with  C=40  pF  and  R=50 
ohm.  Such  values  of  the  parameters  are  virtually  completely 
acceptable;  however,  in  this  case  for  obtaining  the  pulses  of  a 
sufficient  value  the  output  tube,  which  works  to  the  differentiating 
circuit,  must  provide  the  high  strength  of  output  current. 
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Under  actual  conditions  obtaining  very  narrow  pulses  is 
complicated  by  two  facts:  with  final  rate  of  build-up/growth  of  input 
signal  and  by  presence  of  parasitic  parameters  in  diagram  of 
differentiating  circuit. 


7c£/ 


Fig.  8.15.  Fig.  8.16. 

Fig.  8.15.  Capacitive  differentiating  circuit. 

Fig.  8.16.  Pulses  at  the  output  of  the  differentiating  circuit. 

Page  437. 

Assuming  that  the  input  voltage  increases  exponentially 

where  E  -  conservative  value  of  input  signal,  and  i?  -  the  value  which 
characterizes  the  slope  of  growth  of  the  signal,  it  is  possible  to 
find  the  waveform  at  the  output  from  known  transient  response  of 
differentiating  circuit.  This  characteristic  takes  the  form 

A(0  =  e~T, 

where  t=RC.  With  the  aid  of  the  superposition  integral  it  is  easy  to 
determine  the  output  signal,  which  is  expressed  equation  [2] 

«d«x(0  =  £  (e  ’!~e  ’)' 

Waveform  at  output  of  differentiating  circuit  differs  from 
exponential  pulse,  examined  earlier,  by  fact  that  it  has  final 
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duration  of  front  and  smaller  amplitude. 

Duration  of  front  of  output  pulse,  if  we  define  it  on  time  of 
reaching/achievement  of  maximum,  will  be  expressed  as 


and  amplitude  of  pulse 


It  follows  from  given  formulas  that  for  obtaining  narrow  pulses 
with  sufficiently  large  amplitude  it  is  necessary  to  supply  on  input 
of  differentiating  circuit  pulses,  equivalent  time  constant  of  which  17 
several  times  of  less  than  time  constant  of  differentiating  circuit. 


Besides  the  effect  of  final  rate  of  build-  up/growth  of  input 
signal  on  shape  of  pulses  at  output  of  differentiating  circuit, 
essential  effect  have  parasitic  circuit  parameters.  The  complete 
equivalent  diagram  of  the  differentiating  circuit  taking  into  account 
the  parasitic  parameters  is  given  in  Fig.  8.17. 
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On  this  figure  E  -  the  source  of  input  voltage;  Re  -  its  output 
resistance,  C, t  -  the  input  capacitance  of  source;  Coa  -  capacitance 
of  load  (for  example,  the  input  capacitance  of  the  following  tube);  C 
and  R  -  parameters  of  the  differentiating  circuit. 
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Fig.  8.17.  Equivalent  diagram  of  differentiating  circuit. 


1 


o 

?• 

Fig.  8.18.  Transient  responses  of  real  differentiating  circuit. 
Page  439. 


Form  of  transient  response  of  differentiating  circuit  taking  into 
account  parasitic  parameters  is  given  in  Fig.  8.18  at  three  values  of 
relation  fj/r,  [2],  The  maximum  value  of  pulse  at  the  output  of  the 
differentiating  circuit  can  be  determined  according  to  the 
approximation  formula 


EZU 


where  value  Z„ai;c  is  depicted  graphically  in  Fig.  8.19, 


Inductive  differentiating  circuit  is  another  form  of  shortening 
circuit.  During  the  supplying  into  this  circuit  of  ideal  square  pulse 
not  its  output  are  obtained  the  same  pulses,  as  at  the  output  of  the 
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capacitive  differentiating  circuit.  However,  upon  consideration  of 
the  parasitic  parameters  the  inductive  differentiating  circuit 
possesses  a  number  of  special  features. 

In  practical  diagrams,  one  of  which  is  given  in  Fig.  8.20,  the 
inductance  of  the  differentiating  circuit  together  with  stray 
capacitance  forms  oscillatory  circuit.  For  obtaining  the  narrow 
pulses,  the  critical  behavior  of  the  work  of  the  circuit  is  frequently 
utilized. 
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Fig.  8.19.  Fig.  8.20. 

Fig.  8.19.  Dependence  of  coefficient  z«„. c  on  ratio  t2/t1. 
Fig.  8.20.  Diagram  of  inductive  differentiating  circuit. 

Page  440. 

In  this  case  edge  voltage  changes  according  to  the  law 


where  I  -  value  of  current  taper  in  the  circuit  equal  to  the 
short-circuit  current  of  tube; 

C,  -  stray  capacitance; 

impedance  of  ohmic  losses  in  the  duct/contour ) . 

Form  of  edge  stress  is  shown  in  Fig.  8.21.  Maximum  output 
potential  of  circuit  with 

tt  =  VLC0 

acquires  importance 

^nanca*0»74/'j/"gr-. 
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Inductive  differentiating  circuit  has  series/row  of  advantages  in 
comparison  with  capacitive.  It  makes  it  possible  to  obtain  the  pulses 
of  the  sufficiently  large  amplitude,  even  which  exceeds  the  value  of 
supply  voltage. 

The  inductive  differentiating  circuit  was  theoretically 
investigated  in  [156],  where  differentiation  of  current  taper  with 
final  duration  of  front  is  examined. 
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Fig.  8.21.  Fig.  8.22. 

Fig.  8.21  form  of  edge  stress. 

Fig.  8.22.  Diagram  of  inductive  differentiating  circuit  with  diode. 

Page  441. 

It  is  recommended  here  to  utilize  the  oscillatory  mode  of  the  circuit; 
the  optimum  value  of  the  energy  factor  of  duct/contour  Q=4,  and  the 
optimum  value  of  the  ratio  of  a  drop/jump  in  the  natural  oscillations 
T0  to  the  duration  of  the  front  of  current  taper  t„=2.7.  In  this  case 
edge  stress 

^MUKC  —  0,1  t 

where  I,  -  value  of  current  taper; 

C  -  capacitance  of  the  circuit. 

For  suppression  of  oscillations  after  first  overshoot 
differentiating  circuit  can  be  shunted  by  diode,  since  it  is  shown  in 
Fig.  8.22.  As  the  differentiating  transformer  it  is  possible  to 
utilize  ouncer  transformer  on  the  ferrite  ring  (diameter  of  ring  15-30  ) 
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mm;  the  number  of  turns  10-20  depending  on  the  pulse  duration).  One 
of  the  diagrams  of  amplifier-limiter  with  the  differentiating 
transformer  is  given  in  Fig.  8.23.  Resistor/resistance  R  serves  for 
guaranteeing  the  required  (small)  energy  factor  of  duct/contour. 

8.4.  GENERATION  OF  RADIO  PULSES  OF  LOW  POWER. 

Generation  of  radio  pulses  of  nanosecond  duration  in  the  range  of 
superhigh  frequencies  can  be  carried  out,  when  period  of  carrying 
oscillations  comprises  portions  of  nanosecond. 
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Fig.  8.23.  Schematic  diagram  of  a  limiter-amplifier  with  a 
differentiating  transformer. 

Page  442. 

Therefore  as  oscillators  of  the  carrier  frequency  are  utilized 
klystrons,  travelling-wave  tubes,  magnetrons.  Magnetrons  are  utilized 
usually  during  the  generation  of  powerful/thick  nanosecond  radio 
pulses . 

Radio  pulse?  of  nanosecond  duration  of  small  power  initially 
found  use  because  of  need  for  study  of  plumbing.  For  the  generation 
of  such  pulses,  klystrons  and  LBV  were  utilized  [158-161]. 

In  particular,  [158,  159]  is  proposed  and  experimentally 
investigated  diagram,  which  works  according  to  following  principle. 
From  klystron  oscillator  of  the  carrier  frequency  they  come  the  input 
of  amplifier  on  LBV.  The  amplification  of  signal  occurs  only  at  the 
moments  of  acting  of  front  and  shear/section  of  the  voltage  pulse, 
supplied  to  the  spiral  LBV  from  the  pulse  generator.  This  is  caused 
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by  the  fact  that  the  amplitude  of  pulse,  supplied  to  the  spiral, 
corresponds  to  the  interval  of  accelerating  voltage,  in  limits  of 
which  LBV  can  amplify.  Thus,  the  duration  of  output  radio  pulse 
depends  on  the  jump  steepness  in  the  voltage  of  the  nanosecond 
modulating  video  pulse.  However,  with  this  method  of  generation 
noticeable  frequency  modulation  occurs. 

Another  method  of  generation  of  radio  pulses  with  the  aid  of  LBV 
is  based  on  sufficiently  effective  and  reliable  method  of  modulation 
on  focusing  electrode  of  LBV  [1603.  Fig.  8.24  gives  the  dependence  of 
power  output  of  LBV  on  the  voltage  on  focusing  electrode  L,t,.  and  is 
also  shown  nanosecond  video  pulse  and  selection  of  its  value  relative 
to  the  value  of  voltage  t'.|.  Travelling-wave  tube  here  works  in  the 

4 

mode  of  the  amplification  of  the  oscillations  of  the  carrier 
frequency. 
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Fig.  8.24.  Dependence  of  power  output  of  LBV  on  voltage  on  focusing 
electrode. 

Key:  (1).  mW.  (2).  ns. 
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A  large  part  of  the  time  of  LBV  is  closed  due  to  the  negative 
bias/displacement  on  the  focusing  electrode  and  is  triggered  after  the 
admission  to  the  modulator  of  the  video  pulse  of  positive  polarity. 

The  duration  of  the  generatable  radio  pulse  is  determined  by  the 
duration  of  the  upper  part  of  the  video  pulse  (Fig.  8.24). 

Fundamental  oscillator  circuit  is  given  in  Fig.  8.25.  Modulator 
consists  of  the  input  stage  of  starting  (half  of  Lx)r  three  blocking 
oscillators  (half  of  Lx  and  L,,  L,),  which  form  the  video  pulse  via 
its  consecutive  peaking,  and  the  output  stage  in  the  form  of  amplifier 
with  the  transformer  output  L4.  Video  pulse  has  a  duration  of  10-15 
ns  (on  the  foundation)  and  an  amplitude  to  200  V.  The  oscillations  of 
the  carrier  frequency  from  klystron  oscillator  L,  come  on  LBV  of 
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special  design  [160].  Under  the  influence  of  the  modulating  pulse  on 
the  focusing  electrode  of  the  LBV  the  radio  pulse  generates  by  the 
duration  of  6  ns  (at  level  0.5  of  amplitude)  and  by  the  power  of  600 
mW. 


There  is  possibility  of  direct  obtaining  of  nanosecond  radio 
pulses  with  the  aid  of  LBV  and  modulator  [162].  In  this  case  the  need 
for  separate  oscillator  of  the  carrier  frequency  is  eliminated. 
Travelling-wave  tube  with  the  self-feedback  can  oscillate  of  different 
types  (the  discrete  spectrum  of  frequencies).  To  each  type  of 
oscillations  corresponds  the  interval  of  accelerating  voltage,  in 
which  this  type  of  oscillations  is  excited.  However,  a  change  in 
accelerating  voltage  within  the*  limits  of  this  interval  very  weakly 
affects  the  frequency  of  the  corresponding  type  of  oscillations. 

Since  the  interval  of  the  values  of  accelerating  voltage,  in  limits  of 
which  the  LBV  generates  the  specific  type  of  oscillations,  depends  on 
the  strength  of  the  magnetic  field  of  focusing,  then,  selecting  the 
appropriate  intensity/strength  of  magnetic  field,  it  is  possible  to 
establish/install  the  necessary  width  of  the  interval  of  accelerating 
voltage. 

Fig.  8.26a  gives  graphs/curves,  which  elucidate  possibility  of 
using  dependence  of  wavelength  of  oscillations  on  accelerating  voltage 
for  generation  of  nanosecond  radio  pulses.  With  a  subject  on  the 
accelerating  electrode  voltage  less  than  Ulf  the  LBV  does  not 
generate. 
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Fig.  8.25.  Oscillator  circuit  of  nanosecond  radio  pulses. 

Key:  (1).  Starting.  (2).  in. 
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With  an  increase  in  the  steep  front  of  accelerating  voltage  it  reaches 
consecutively  levels  of  Ua  and  Ua.  The  LBV  is  excited  to  period  *«• 
for  which  there  occurs  a  change  in  the  voltage  from  Ua  to  U,.  The 
form  of  generated  thus  radio  pulse  must  they  will  be  determined  by  the 
character  of  the  dependence  of  the  generatable  power  on  a  change  in 
accelerating  voltage  within  the  limits  of  the  range  of  the  excitation 
of  LBV  from  Ui  to  Ua  (Fig.  8.26b). 

Duration  of  generatable  pulses  can  be  regulated  by  change  in 
steepness  of  edge  of  pulse  of  accelerating  voltage. 

For  obtaining  nanosecond  radio  pulses  in  millimeter  wave  band  is 
proposed  method,  in  which  are  utilized  reflections  of  oscillations. 
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which  occur  in  special  shf  circuit  [163]. 

Fig.  8.27  gives  diagram,  which  elucidates  principle  of  shaping  of 
radio* pulses  of  millimeter  wave  band  of  small  power.  Radio  pulses  are 
obtained  with  modulation  of  the  continuous  oscillations,  created  by 
klystron.  Energy  of  fundamental  type  continuous  oscillations,  created 
by  klystron  1,  enters  the  input  of  rectangular  waveguide  2,  which  goes 
around  cone-shaped  waveguide  expansions,  then  it  passes  through  the 
section  with  ferrite  3,  where  occurs  the  rotation  of  the  plane  of 
polarization  at  angle  of  45°  and  finally  it  is  absorbed  by 
semiconductor  diode  4,  whose  resistor/resistance  presents  the  matched 


load. 
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Fig.  8.26.  Dependence  of  wavelength  of  shf  oscillations  on  the 
accelerating  voltage  of  LBV  (a)  and  dependence  of  power  of 
oscillations  on  voltagefb}, 

Key:  (1) .  mW. 
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During  the  action  fed  to  the  diode  of  the  short-term  pulse  of  bias 
voltage  by  5,  there  occurs  the  disagreement/mismatch  of  diode  and 
therefore  the  reflection  from  it  of  shf  oscillations  appears.  The 
supplementary  rotation  of  the  plane  of  polarization  on  45°  occurs  with 
the  secondary  passage  of  the  oscillations  through  the  ferrite,  after 
which  the  signal  through  output  6  enters  the  waveguide,  which  leads  to 
the  load. 

In  this  diagram  semiconductor  diode  is  modulating  element.  £fter 
the  admission  of  shf  oscillations  (55  GHz)  to  the  diode,  loaded  to  the 
resistance  of  75  ohms,  through  it  the  current,  which  considerably 
reduces  the  high- impedance  resistor/resistance  of  diode,  flows/occurs. 
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Therefore  it  is  possible  to  match  the  circuit  of  diode  with  the 
circuit  of  signal  and  wave  reflections  it  does  not  occur.  However, 
after  the  admission  to  the  diode  besides  this  pulse  of  the  bias 
voltage  of  negative  polarity  with  an  amplitude  of  about  5  V  occurs  an 
increase  in  the  resistor/resistance  of  the  circuit  of  diode,  i.e., 
disagreement/mismatch  conditions  are  created.  Thus,  for  the  time  of 
action  of  displacing  output  potential  of  diagram  is  isolated  radio 
pulse . 

Pulse-shaping  circuit  of  bias/displacement  is  given  in  fig. 

8.28.  Oscillations  with  frequency  of  100  kHz  and  to  amplitude  of 
approximately  300  V  enter  nonlinear  inductance  coil.  Upon  the 
saturation  of  the  core  of  this  coil  occurs  the  drop  in  the  voltage, 
which  after  differentiation  is  converted  into  the  sharp  pulse  of 
considerable  amplitude,  which  enters  the  grid  of  tube.  Due  to  the 
negative  bias/displacement  on  the  grid  of  tube  occurs  the  limitation 
of  this  pulse  from  below. 
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Fig.  8.27.  Block  diagram  of  a  device  for  the  generation  of  radio 
pulses  in  the  range  of  millimeter  waves. 

Key:  (1).  Output. 

Page  447. 

Therefore,  on  the  load  with  a  resistance  of  about  75  ohms  is 
formed/shaped  pulse  with  the  duration  of  3  ns  (on  the  foundation)  with 
an  amplitude  of  about  3  V.  Thus,  the  duration  of  radio  pulses  proves 
to  be  also  3  ns. 

For  obtaining  nanosecond  radio  pulses  of  millimeter  range  can  be 
used  another  version  of  modulation  [163],  It  is  possible  to  utilize 
two  waveguide  resonators,  been  connected  in  series,  each  of  which  is 
cut  off  at  the  same  frequency  and  is  shunted  by  sharpened  silicon 
diode.  The  resistances  of  the  diodes  are  great.  With  a  certain  bias 
voltage  and  the  total  energy  losses  with  the  work  of  resonators  are 
approximately  4  dB.  With  the  bias  voltage  of  another  polarity  of  loss 
they  grow/rise  to  40  dB.  Therefore,  using  constant  bias  voltage  on 
one  side  and  nanosecond  video  pulses  of  the  proper  polarity  on  the 
other,  it  is  possible  to  carry  out  modulation  of  the  shf  oscillations, 
which  enter  from  the  klystron.  This  type  of  modulator  does  not 
require  a  precise  agreement  and  therefore  little  it  is  sensitive  to 
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the  insignificant  frequency  drift  of  klystron. 

With  the  application  of  high-speed  semiconductor  devices  there 
can  be  obtained  other  sufficiently  simple  circuits  of  modulation  for 
formation  of  low-  power  nanosecond  radio  pulses  [164,  165].  Radio 
pulses  are  formed/shaped,  for  example,  with  the  aid  of  highest 
harmonic  components  of  a  steep  edge  in  the  modulating  voltage, 
obtained  due  to  the  rapid  switching  of  diffusion  silicon  diode  [164]. 
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Fig.  8.28.  Pulse-shaping  circuit  of  bias  voltage. 

Key:  (1).  Output. 

Page  448. 

For  this  the  diode  is  assembled  in  the  waveguide  (Fig.  8.29)  and  is 
changed  over  during  the  supplying  of  the  voltage  of  frequency  to  10  or 
20  MHz. 

In  the  waveguide  oscillations  only  of  very  high  frequency  (8-11 
GHz),  which  appear  at  moment  of  sharp  drop  in  voltage  during  switching 
of  diode  into  states  of  direct  and  reverse  conductivities,  are 
propagated.  From  the  secondary  winding  of  transformer,  which  is 
located  in  the  anode  circuit  of  tube,  to  the  diode  sinusoidal 
oscillation  and  bias  voltage  is  supplied.  Capacitance  C  (at  the  input 
into  the  waveguide)  together  with  secondary  winding  of  transformer 
forms  resonance  circuit.  The  isolated  with  waveguide  radio  pulses 
have  a  duration  of  approximately  1  ns  at  the  peak  power  of  0.01  mW  and 
the  repetition  frequency  10  and  20  MHz. 
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In  the  other  version  of  this  device/equipment  into  waveguide 
tunnel  diode,  which  has  very  short  switch  time  [165],  is  placed.  As  a 
result  succeed  in  obtaining  the  radio  pulses  of  the  millimeter  range 
with  a  duration  of  about  2  ns. 

At  present  methods  of  generation  of  nanosecond  radio  pulses  of 
small  power  continuously  are  improved.  Besides  different 
installations  for  the  investigation  of  the  circuits  of  shf  and 
circuits  of  electronic  devices  such  pulses  already  successfully  are 
utilized  in  the  electronic  computers  with  increased  speed  [166, 


167]. 
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Fig.  8.29.  Pulse-shaping  circuit  with  waveguide  and  high  speed  diode. 
Key:  (1).  Waveguide.  (2).  Output  of  radio  pulse.  (3).  Input. 

(4).  or.  (5).  MHz.  (6).  Bias  on  diode. 

Page  449. 

8.5.  GENERATION  OF  POWERFUL  RADIO  PULSES. 

Magnetron  oscillators  usually  are  utilized  as  a  source  of 
powerful  radio  pulses  of  SHF  band, With  the  formation  of  the  modulating 
video  pulses  of  microsecond  duration  are  used  the  modulator  circuits 
on  the  electron  tubes  or  diagrams  with  the  forming  lines  and  the 
thyratron  as  the  commutator,  and  which  frequently  are  utilized  peak 
transformers.  Circuits  with  the  forming  artificial  lines  and  peak 
transformers  are  most  simple.  In  this  case  the  shape  of  the  pulse, 
supplied  to  the  magnetron,  is  determined  by  the  characteristics  of  the 
peak  transformer,  which  agrees  on  impedance  of  the  circuit,  which 
forms  pulses,  with  the  magnetron. 
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Peak  transformers,  utilized  in  powerful/thick  modulators,  have 
insufficient  broad-band  character  and  cannot  be  used  with  impulse 
shaping  by  duration  considerably  of  less  than  0.1  ms.  Application  in 
the  modulator  of  the  forming  circuit  without  the  peak  transformer 
leads  to  the  need  for  having  high  charging  voltage  on  the  line  and, 
furthermore,  appear  considerable  difficulties  with  the  agreement  of 
circuit  with  the  resistor/resistance  of  magnetron. 

In  Chapter  3  were  examined  forming  circuits,  which  contain 
non-uniforms  circuit  of  transmission,  with  the  aid  of  which  it  is 
possible  to  lower  charging  voltage  of  line  and  to  match  modulator  with 
oscillator  of  high-frequency  oscillations. 

m 

However,  during  development  of  modulators  of  magnetron 
oscillators,  intended  for  generation  of  nanosecond  radio  pulses, 
together  with  requirements  of  broad-band  character  it  is  necessary  to 
consider  specific  character  of  excitation  of  oscillations  in 
magnetrons.  The  requirement  of  thp  limited  rate  of  the 
build-up/growth  of  the  modulating  voltage  on  the  magnetron  is  one  of 
the  special  features  of  the  work  of  magnetrons.  Establishment  of  the 
mode,  type  it  different  from  the  oscillations  is  the  final  result  of 
too  rapid  a  increase  of  voltage  on  the  magnetron. 

Page  450. 

Limited  rate  of  voltage  rise,  caused  on  application  of  magnetron, 
increases  minimum  pulse  duration,  which  can  be  obtained  in  the  case  of 
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applying  usual  type  modulators. 

During  the  generation  of  nanosecond  radio  pulses  of  considerable 
power  the  so-called  pedestal  ■'’ithod  of  modulation  of  the  magnetron 
[39],  which  removes  difficulties,  found  use.  Fig.  8.30  gives  the 
shape  of  the  complicated  modulating  pulse.  Pulse  consists  of  pedestal 
Ui i  and  test  section  IV  The  pulse  of  pedestal  has  relatively  small 
steepness  of  front,  sufficient  for  the  establishment  in  the  magnetron 
of  oscillations  of  the  type  ir.  Due  to  the  pedestal,  whose  amplitude 
composes  0.6-0. 8  of  amplitude  of  entire  pulse,  magnetron  generates  the 
power  of  order  5-10%  of  the  nominal  power  of  magnetron. 

After  the  mode  of  oscillation  point  is  established/installed  with 
the  aid  of  pedestal  part  of  pulse  in  magnetron,  to  magnetron  there  is 
fed  a  test  section  of  pulse  (operating  pulse)  of  nanosecond  duration, 
which  converts  magnetron  into  mode  of  generation  already  at  nominal 
power.  Since  up  to  the  moment/torque  of  acting  the  operating  pulse 
magnetron  oscillates  normal  type,  the  rise  time  of  the  current  of 
magnetron  and  high-frequency  power  will  be,  in  essence,  limited  to  the 
parasitic  parameters  of  input  circuits  of  magnetron  and  to  its  plate 
capacitance  -  cathode.  This  time  composes  a  total  of  several 
nanoseconds. 

During  generation  of  radio  pulses  with  duration  in  several  ten 
nanoseconds  required  shape  of  modulating  pulse  and  necessary  agreement 
of  modulator  with  magnetron  they  can  be  achieved/reached  in  modulator 
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circuit  with  stepped  line.  In  fig.  8.31  is  given  the  diagram  of 
pedestal  modulator  on  artificial  lines  [39].  The  here  forming  line 
consists  of  four  separate  artificial  lines  with  different  wave 
impedance. 
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Fig.  8.30.  Oscillogram  of  complicated  modulating  video  pulse. 

Page  451. 

Three  lines  are  included  as  quadrupoles,  and  the  latter  as 
two-terminal  network.  The  first. line,  which  forms  first  stage,  has 
the  smallest  wave  impedance,  and  in  the  subsequent  stages  it  grows 
with  an  increase  in  the  number  of  stages.  This  heterogeneous  stepped 
line  is  intended  for  the  formation  of  working  nanosecond  pulse  and 
impedance  matching  of  circuit  with  the  resistor/resistance  of 
magnetron  L,.  This  non-uniform  circuit  is  simultaneously  a  voltage 
transformer.  For  the  impulse  shaping  of  the  pedestal  the  simplest 
single-section  LC-chain  is  utilized. 

Comparatively  long  pulse  of  pedestal  through  peak  transformer  is 
supplied  to  magnetron.  The  delay  time  of  stepped  line  must  be  such  so 
that  it  would  correspond  to  rise  time  of  pedestal  pulse  to  its  maximum 
value.  At  this  time  the  magnetron  begins  to  oscillate  fundamental 
type  and  its  dynamic  resistance  it  is  reduced  and  it  proves  to  be  that 
corresponding  to  output  resistance  of  stepped  line.  The  entering  the 
(  magnetron  nanosecond  operating  pulse  converts  him  into  the  mode  of  the 
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generation  of  total  power.  As  the  commutating  element  in  the  circuit 
of  the  impulse  shaping  of  pedestal  and  in  the  circuit  of  nanosecond 
pulse  is  used  one  thyratron  Lx. 


) 
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Fig.  8.31.  Modulator  circuit  with  stepped  forming  line. 

Page  452. 

Fig.  8.32a  gives  an  equivalent  schematic  diagram  of  stepped 
forming  line,  while  Fig.  8.32b  shows  diagrams  of  voltage  into  lines, 
which  occur  with  shaping  of  nanosecond  pulse.  Stepped  line  is 
comprised  from  (n-1)  quadrupoles  and  one  two-terminal  network.  All 
artificial  long  lines,  which  make  up  the  stepped  line,  must  have 
identical  delay  time  where  t«—  duration  of  nanosecond  pulse, 
also  identical  frequency-phase  characteristics. 


and 
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Fig.  8.32.  Equivalent  diagram  of  stepped  forming  line  (a);  diagram 
of  voltage  in  this  line  (b). 

Page  453. 

Impedances  of  all  artificial  lines  must  satisfy  the 
relationships/rat ios 

_k(k+_VL.  -  Kn 

Pk  — - J,i  'Ml.  Pit  n  ' 

where  k  -  ordinal  number  of  line,  k=l,  2,  3,  ...,  (n-1). 


During  propagation  of  wave  of  voltage  along  non-uniform  circuit 
of  transmission  at  points,  where  occur  for  heterogeneity  they  appear 
reflections,  and  wave  amplitude  of  voltage,  which  is  propagated  in 
forward  direction,  undergoes  change. 
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When  thyratron  ignites,  appears  wave  of  voltage  Ulf  opposite  on 
its  polarity  to  voltage  F.n  of  initial  charge  of  line.  In  this  case 
I^iI  =  |£ji|-  This  wave  is  propagated  along  the  first  line  with  a  wave 
impedance  of  p2.  At  junction  of  the  first  and  second  line,  that  have 
wave  impedance  p2  (moreover,  pl>p1),  appear  two  waves  of  the  voltage: 
one  is  propagated  along  the  second  line  (U2),  and  the  second 
(reflected)  it  is  propagated  back  to  the  side  of  the  first  line  (Fig. 
8.31b) . 


Voltage  of  direct  wave  can  be  recorded  in  the  form 


U  ,  —  2t/, 


ft 

Pt  +  ft 


Voltage  of  wave  reflected,  which  is  propagated  in  first  line, 
will  be 


t/'.  =  2  U, 


Pi 

Pi  +  P>‘ 


These  waves,  being  propagated,  create  new  straight/direct  and 
reflected  waves  (Fig.  8.32b). 

Voltage  of  direct  wave,  which  is  propogated  through  stepped  line, 
grows/rises  as  a  result  of  gradual  increase  in  wave  impedance  of 
separate  steps/stages.  Therefore  the  resulting  voltage  of  pulse 
proves  to  be  in  n/2  times  of  more  than  the  initial  voltage  of  the 
charged/loaded  line.  It  is  possible  to  conclude  from  the  given 
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diagrams  of  voltage  (Fig.  8.32b)  that  the  delay  time  of  stepped  line 
is  equal 

/*  =  («- 1)4 

or  in  this  case  t.i  =  3/2-ia. 

Page  454. 

Thus,  with  the  aid  of  diagram  in  question  it  is  possible  to 
satisfactorily  coordinate  circuit  of  formation  with 
resistor/resistance  of  magnetron  both  in  initial  and  in  completing 
stage  of  excitation  of  oscillations.  Furthermore,  the  application  of 
non-uniform  circuit  makes  it  possible  to  reduce  initial  charging 
voltage  of  the  forming  line. 

Pedestal  method  of  modulation  of  powerful/thick  magnetrons  is 
convenient  in  one  more  sense.  Usually  after  in  the  process  of 
modulation  anode  voltage  on  the  magnetron  will  become  close  to  the 
nominal,  a  change  in  the  voltage  sharply  affects  the  value  of  anode 
current.  Therefore  in  the  simple  diagrams  of  modulation  it  is 
necessary  ,  to  remove  changes  of  the  voltage  on  the  apex/vertex  of  the 
modulating  pulse.  Obtaining  flat-topped  pulse  with  high  voltages  is 
difficult.  However,  in  the  pedestal  method  due  to  the  presence  of  the 
pulse  of  pedestal  the  amplitude  of  working  nanosecond  pulse  is 
considerably  lower  than  the  total  nominal  voltage  of  magnetron.  In 
other  words,  with  a  comparatively  noticeable  nonuniformity  of  the 
apex/vertex  of  operating  pulse  the  relative  nonuniformity  of  the 
apex/vertex  of  entire  modulating  pulse  proves  to  be  very  small. 
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Described  diagram  with  stepped  line,  which  consists  of  artificial 
delay  lines,  is  insufficiently  wide-band,  for  impulse  shaping  with 
duration  on  the  order  of  10  ns.  However,  at  present  appears  ever 
larger  need  for  powerful/thick  radio  pulses  with  duration  on  the  order 
of  10  ns  and  even  it  is  less. 

For  a  certain  increase  in  broad-band  character  of  forming  circuit 
as  individual  lines  can  be  used  sections/segments  of  coaxial  cables 
with  different  wave  impedance.  It  is  possible  also  stepped  line  to 
replace  with  the  appropriate  heterogeneous  distributed-parameter  line. 

However,  at  present  there  are  oscillators  of  nanosecond  pulses  of 
high  voltage,  not  susceptible  to  value  of  load.  Such  diagrams  make  it 
possible  to  easily  obtain  the  reliable  agreement  of  the  forming 
circuit  with  the  resistor/resistance  of  magnetron  even  under  the 
condition  for  a  considerable  change  of  the  load  resistance/resistor  in 
the  process  of  exciting  the  magnetron. 

Thus,  as  an  oscillator  of  working  nanosecond  pulse  there  can  be 
used  the  diagram  proposed  by  Yu.  V.  Vvedenskiy  (Fig.  3.30b). 

Page  455. 

In  this  case  the  impulse  shaping  of  pedestal  and  operating  pulse  must 
be  realized  by  different  diagrams.  Both  pulses  in  the  specific 
time-sequential  routine  must  be  folded  with  the  aid  of  appropriate 
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adding  circuit.  The  block  diagram  of  this  modulator  is  represented  in 
Fig.  8.33. 


Thyratron  can  be  used  as  commutating  element  in  each  diagram.  If 
we  consider  the  great  possibilities  of  diagrams  with  the  commutating 
inductance,  used  also  in  the  devices/equipment,  designed  for  obtaining 
of  powerful  pulses,  then  can  prove  to  be  permissible  the  replacement 
of  thyratrons  by  these  inductance,  which  will  considerably  raise  the 
reliability  of  entire  device/equipment. 

Besides  method  of  obtaining  radio  pulses  examined  via  modulation 
of  the  shf  oscillator,  there  is  proposed  a  new  method  of  formation  of 
powerful  nanosecond  pulses  [168].  This  method  is  based  on  the  use  of 
an  effect  of  the  build-up/growth  of  energy  in  the  circular  resonator, 
connected  by  couplers  with  the  waveguide,  on  which  is  propagated  the 
shf  energy  from  the  continous  wave  oscillator.  Into  the  circular 
resonator  the  energy  enters  from  the  fundamental  waveguide  and 
gradually  it  increases.  If  the  energy  of  shf  oscillations  with  the 
aid  of  the  high  speed  commutator  accumulated  in  the  circular  resonator 
is  derived  to  the  load,  then  radio  pulse  is  formed  on  it.  The  peak 
pulse  power  depends  on  the  energy  accumulated  in  the  circular 
resonator;  and  its  duration  is  equal  to  the  length  of  ring,  divided 
into  the  group  velocity  of  the  waves,  which  are  propagated  in  the 
ring. 
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Fig.  8.33.  Block  diagram  of  modulator. 

Key:  (1).  Oscillator  of  operating  pulse.  (2).  Synchronizing  unit. 

(3).  Adding  circuit.  (4).  Magnetron.  (5).  Pulse  generator  of 
pedestal. 

Page  456. 

For  usual  rectangular  waveguide,  which  works  in  the  relation  of 
critical  wavelength  to  the  worker,  equal  to  1.4  or  1.5  pulse  duration 
into  one  nanosecond  corresponds  to  the  length  of  ring  in  25.4  cm.  The 
duration  of  the  front  of  radio  pulse  is  determined  in  essence  by 
triggering  time  of  the  commutating  element.  The  specially  developed 
gas-discharge  instrument,  controlled  by  external  trigger  pulse,  is 
utilized  as  the  commutating  element.  Time  of  commutation  of 
approximately  2-3  ns.  By  this  method  were  obtained  radio  pulses  by 
duration  about  10  ns  with  a  peak  power  of  1  MW. 
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Page  457. 

CHAPTER  NINE. 

AMPLIFICATION  OF  PULSES. 

The  amplification  of  pulse  oscillations  is  one  of  the  most 
complex  problems  of  nanosecond  pulse  technique.  As  is  known,  the 
possibilities  of  electron  tubes  in  the  gain  ratio  of  oscillations  with 
the  wide  spectrum  are  rated/estimated  by  the  cut-off  frequency  of  tube 
in  the  schematic  of  the  resistance-coupled  amplifier 

f  _JLJL  (9.1) 

/ri.—  o„  C,’  V 

where  S  -  mutual  conductance  of  tube  at  the  operating  point; 

C,  -  stray  capacitance,  which  is  folded  from  the  input  and  output 
capacitances  of  tubes. 

Cut-off  frequency  of  tube  is  that  frequency,  at  which 
amplification  of  resistance-coupled  amplifier  becomes  equal  to  one. 

It  is  necessary  to  keep  in  mind  which  under  actual  conditions  A- ,,  is 
less  than  the  calculated  due  to  supplementary  stray  capacitance,  which 
appears  during  the  installation  of  tube  into  the  diagram. 

Amplifier  can  fulfill  its  functions  only  if  upper  cut-off 
frequency  of  spectrum  of  amplified  oscillations  f0</n>.  Otherwise  of 
component  the  oscillations,  whose  frequency  is  above  /i-p,  will  be  not 
amplified  but  attenuated.  All  amplifiers  utilized  in  the  amplifier 
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technique  of  microsecond  range  work  under  condition  U<fn>  The  special 
feature  of  the  amplification  of  oscillations  in  the  nanosecond  pulse 
technique  is  the  fact  that  in  the  majority  of  the  cases  the  higher 
frequency  of  the  spectrum  of  the  amplified  oscillations  is  more  than 
the  cut-off  frequency  of  tubes. 

Page  458. 

This  fact  led  to  the  need  for  the  creation  of  the  special  methods  of 
amplifying  the  oscillations  of  nanosecond  duration. 

However,  not  only  effect  of  stray  capacitance  impedes 
amplification  of  oscillations  with  very  wide  spectrum.  At  very  high 
frequencies  a  sharp  drop  in  their  input  resistance  due  to  the  effect 

m 

of  the  inductance  of  introductions/inputs  and  final  rate  of  the 
flight/span  of  electrons  is  a  very  essential  deficiency  in  the  tubes. 
The  incidence/drop  in  the  input  resistance  of  triple-grids  amplifier 
with  the  high  slope/transconductance  causes  the  need  for  the 
replacement  by  their  triodes  of  shf,  which  are  characterized  by  high 
input  resistance,  and  so  the  use  of  special  circuit  diagrams. 

In  recent  years  for  amplifying  pulse  fluctuations  of  small 
amplitude  they  began  to  widely  use  semiconductor  devices,  in 
particular,  tunnel  diodes. 

9.1.  Operation  of  the  tube  in  the  super  wide-band  amplifiers. 
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In  order  to  rate/estimate  behavior  of  tube  in  the  range  of  very 
high  frequencies,  which  seizes  pulse  spectrum  of  nanosecond  duration, 
in  its  equivalent  diagram  it  is  necessary  to  consider  not  only  stray 
capacitances,  but  also  stray  inductances  of  introductions/inputs. 
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Fig.  9.1.  Equivalent  diagram  of  pentode. 

Page  459. 

Fig.  9.1  gives  the  equivalent  diagram  of  pentode,  comprised  for  the 
range  of  superhigh  frequencies  [169].  C.,»  and  Ccn  designate  the 

capacities/capacitances  between  the  anode  and  the  tube  panel  and  the 
grid  and  the  panel;  remaining  elements  are  designated  in  the  figure. 

'It  is  necessary  to  note  that  for  the  very  narrow  pulses  the  tube 
already  cannot  be  considered  as  a  lumped  system;  therefore  the  diagram 
given  in  Fig.  9.1  is  insufficient  strict. 

As  the  theory  and  experiment  show,  greatest  effect  on  input 
admittance  of  tube  exerts  inductance  of  cathode  introduction/ input 
/-i.  Equivalent  amplifier  circuit  taking  into  account  cathode 
introduction/input  is  given  in  Fig.  9.2;  diagram  is  comprised  for 
alternating  current.  At  the  very  low  frequencies,  at  which  it  is 
possible  to  disregard  the  input  impedance  of  a  tube  carries  purely 
reactive/jet  (capacitive)  character.  The  input  current  /..x  leads  the 
input  voltage  r„v  on  the  phase  on  180°.  At  the  higher  frequencies 
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presence  leads  to  the  fact  that  the  phase  angle  between  /„  and 
CHX  decreases.  This  means  that  the  input  impedance  of  a  tube  is  no 
longer  purely  react ive/ jet ,  and  it  contains  active  component. 

Input  impedance  of  a  tube  at  high  frequencies  can  be  represented 
in  the  form  of  parallel-connected  of  input  capacitance  C,„  and  input 
(or  R»y)  (Fig.  9.3). 


admittance 


7^0 


Fig.  9.2.  Fig.  9.3. 

Fig.  9.2.  Equivalent  amplifier  circuit  taking  into  account  inductance 
of  cathode  introduction/ input. 

Fig.  9.3.  Diagram  of  substitution  of  input  circuit  of  tube. 

Page  460. 

V.  I.  Siforov  [170]  showed  that  these  values  can  be  expressed  as 
follows: 

C,  Gllx  -- 

where  Ci  -  grid  capacitance  -  cathode; 

C,  -  capacitance  control  electrode  -  screen  of  stack; 

S..  -  mutual  conductance  of  cathode  current. 

As  it  follows  from  formula,  value  of  active  input  admittance 
grows/rises  proportional  to  second  degree  of  frequency,  i.e.,  it  is 
more  rapid  than  capacity  susceptance.  Therefore  for  the  very  high 
frequencies  the  negative  effect  of  the  increase  of  active  input 
admittance  is  manifested  more  strongly  than  the  effect  of  capacity 
susceptance. 


DOC  -  88076726 


PAGE  “X 


Expression  for  active  input  admittance  can  be  represented  also  in 
the  form 

.  CBX  —  Af1, 

where  A  —  WC,LHSU  —  parameter,  which  characterizes  tube. 

Taking  into  account  also  inductance  of  introduction/input  of 
screen  grid  *-t>.  it  is  possible  to  obtain  that  [170] 

Gbi  —  (SKC,Z.K  S3C,L3)  id  , 

where  mutual  conductance  of  screen  current. 

As  it  follows  from  this  formula,  presence  of  inductance  in 
circuit  of  screen  grid  decreases  active  input  admittance.  Installing 
additionally  inductance  into  the  screen  circuit,  it  is  possible  to  in 
effect  2-3  times  decrease  input  admittance. 

Final  rate  of  electron  motion  leads  to  the  fact  that  at  very  high 
frequencies  in  tube  appears  supplementary  input  admittance,  which  can 
be  determined  according  to  formula  [170] 

Gjj  —  kS,;T~  (U* 

C  ’ 

where  k  -  coefficient,  which  considers  geometry  of  tube; 

Tc— electron  transit  time  from  cathode  to  control  electrode. 

During  design  of  pulse  amplifiers  of  nanosecond  duration  with 
band  into  hundreds  of  megahertz  it  is  necessary  to  compulsorily 
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consider  incidence/drop  in  active  input  lamp  resistance.  Value  rhx  is 
given  usually  in  the  manuals;  for  triple-grids  amplifier  with  the  high 
slope/transconductance  in  the  range  100-200  MHz  it  composes  hundreds 
of  ohms . 

Page  461. 

9.2.  Traveling-wave  amplifier  the  principle  of  operation  of 
amplifier. 

As  already  was  mentioned  above,  in  the  case,  when  higher 
frequency  of  spectrum  of  signal  /,,  exceeds  cut-off  frequency  of  tube 
f>i ••  amplification  of  oscillations  in  usual  diagrams  becomes 
impossible.  The  parallel  connection  of  tubes  does  not  change 
position,  since  it  does  not  lead  to  an  increase  in  and  the  series 
connection  of  stages  gives  a  negative  result.  In  order  to  obtain 
sufficiently  high  amplification  factor  in  the  case,  when  the  factor  of 
amplification  of  separate  cascades/stages  is  lower  than  one,  it  is 
necessary  to  carry  out  an  addition  of  the  output  voltages/stresses  (or 
the  same  as  the  addition  of  the  factors  of  amplification  of  separate 
cascades/stages) . 

To  carry  out  addition  of  output  voltages/stresses  is  possible 
with  the  aid  of  building-up  principle.  Building-up  principle  consists 
in  the  addition  of  the  pulses,  which  arrive  at  different  moments  of 
time.  So  that  any  device  could  accumulate  pulses,  it  must  possess  the 
ability  to  memorize  them,  and  then  to  summarize.  Pulse  oscillation  at 
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the  input  of  storage  device/equipment  is  usually  series  from  the 
pulses  of  identical  form,  which  follow  after  each  other  with  quasi 
period  T;  the  delay  time  of  the  memory  element  of  storage 
device/equipment  is  selected  by  equal  T.  As  a  result  of  the  process 
of  accumulation  the  output  pulse  will  be  in  N  of  times  more  than  input 
and  it  will  retard  with  respect  to  the  first  input  pulse  on  the  period 
(N-l)T.  This  time  is  called  storage  time.  Building-up  principle 
widely  is  utilized  for  amplifying  the  oscillations  of  the  shf  in  the 
so-called  circular  resonators.  Let  us  note  that  an  increase  in  the 
amplitude  of  voltage  on  the  reactive/jet  elements  of  series  circuit  in 
the  presence  of  the  resonance  is  also  based  on  the  use  of  building-up 
principle. 

Building-up  principle  can  be  realized  with  the  aid  of  many 
systems,  one  of  which  is  subdivided  delay  line,  loaded  on  rings  to 
effective  resistance,  equal  to  its  wave.  Line  consists  of  N-l 
sections,  each  of  which  possesses  delay  time,  equal  T. 

Page  462. 

The  first  of  the  input  pulses  is  fed  to  the  input  of  entire  line,  the 
second  -  to  the  input  of  the  second  section,  the  third  -  to  the  input 
of  the  third  section  and  so  on  up  to  the  latter,  which  is  supplied  for 
the  load.  As  a  result  of  this  distribution  of  the  feed  ends  of  pulses 
each  of  them  is  delayed  in  the  line  accurately  by  this  time  interval, 
on  what  it  anticipates/leads  latter/last  pulse  in  the  series.  As  a 
result  of  this  all  pulses  come  for  the  load,  which  is  located  at  the 
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end  of  the  line,  simultaneously  and  store/add  up  on  it. 

In  a  description  of  the  work  of  storage  device/equipment  given 
above  discussion  dealt  with  pulse  train,  which  follow  through  specific 
time  interval.  Under  the  actual  conditions  the  amplifier  must  amplify 
pulses  with  the  most  varied  repetition  periods,  including  single 
pulses.  In  order  in  these  cases  to  realize  building-up  principle,  the 
schematic  of  accumulator/storage  must  be  supplemented  with  the  diagram 
of  multiplier.  Multiplier  is  the  device/equipment,  which  converts 
single  pulse  into  the  series  from  the  n  pulses,  which  follow  one  after 
others  with  quasi  period  T. 

Simplest  multiplier  can  be “subdivided  delay  line,  which  consists 
of  N-l  sections  and  loaded  to  wave  impedance  for  eliminating 
reflections.  From  the  beginning  of  line  and  end/lead  of  each  section 
the  removals/outlets,  whose  total  number  is  equal  to  N,  are  taken;  the 
delay  time  of  pulse  T  in  each  section  is  equal. 


PAGE 
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Fig.  9.4.  Diagrammatic  representation  of  traveling-wave  amplifier. 
Page  463. 

Passing  along  the  line,  input  pulse  consecutively/serially  appears  at 
the  end  of  each  section  after  time  T,  i.e.,  is  formed  the 
quasi-per iodic  sequence  of  pulses. 

Traveling-wave  amplifier  is  schematically  depicted  in  Fig.  9.4. 
It  is  the  combination  of  the  r.;ult  ipl  ier ,  whose  role  performs  grid 
line,  and  the  accumulator/storage,  whose  role  performs  plate  line. 

The  conclusions/outputs  of  grid  line  are  connected  to  the  appropriate 
points  of  the  plate  line  through  the  tubes.  During  the  supplying  to 
the  input  of  this  system  of  single  pulse  it  is  propagated  along  the 
grid  line,  consecutively/serially  appears  at  the  grids  of  tubes,  is 
amplified  by  them,  it  is  isolated  in  the  anode  circuits  of  tubes  and 
moves  further  to  the  right  and  to  the  left  along  the  plate  line.  The 
pulses  multiplied  in  the  grid  circuit  come  to  the  right  end  of  plate 
line  simultaneously,  and  to  the  left  end  -  with  the  retardation  to  2T 
one  with  respect  to  another.  As  a  result  on  the  load,  which  consists 
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on  the  right  end  of  the  line,  all  pulses  are  stored,  up,  which  is 
equivalent  to  the  addition  of  the  factors  of  amplification  of  tubes. 

Thus,  system  as  a  whole  first  converts  one  pulse  into  series  of  N 
pulses,  amplifies  each  of  them  separately  and  then  it  summarizes 
intensive  pulses.  Above  has  already  been  indicated  that  the 
amplification  is  possible  when  the  cut-off  frequency  of  tube  frp  is 
more  than  the  higher  frequency  of  the  spectrum  of  amplified 
oscillation  If  />.>/n.,  then  with  the  permissible  nonuniformity  of 
the  amplitude-frequency  characteristic  of  amplifier  its  amplification 
is  less  than  one.  The  use  of  building-up  principle  makes  it  possible 
to  carry  out  amplification  of  oscillations,  also,  in  this  case,  since 
the  resulting  factor  of  ampl  if  i'cation  of  the  diagram 

K,  --  .VA'o. 

where  K,  -  factor  of  amplification  of  tube  in  the  diagram. 

Since  load  of  tube  is  equal  to  where  ?a—  wave  impedance  of 

plate  line  of  delay  (coefficient  of  1/2  is  caused  by  the  fact  that 
line  is  connected  to  tube  to  the  right  and  to  the  left),  then  factor 
of  amplification  of  tube  in  diagram  and  amplifier  gain 

Lr _ N  « 

As - (9.2) 


Page  464. 


In  the  reasonings  given  above  there  was  a  clear  role  of  the  value 
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of  time  lag  T  in  one  section  of  line.  The  response  to  this  question 
can  be  given  only  after  the  examination  of  the  fundamental  amplifier 
circuits  of  the  traveling  wave,  which  are  performed  on  the  networks  of 
low-pass  filters,  and  also  in  the  sections  of  long  lines. 

9.3.  Traveling-wave  amplifiers  on  the  chains/networks  of  filters. 

Initially  traveling-wave  amplifiers  were  performed  on 
chains/networks  of  filters  [40].  The  schematic  diagram  of  this 
amplifier  is  shown  in  Fig.  9.5.  Specially  switched  on  inductance  Lc 
form  together  with  input  capacitances  of  tubes  of  Cc  the  chain/network 
of  the  filters,  which  represent  the  equivalent  of  long  line.  The 
analogous  equivalent  of  long  line  is. formed  in  the  anode  circuit  by 
inductance  Ln  and  output  capacitances  of  tubes  c„.  These 
chains/networks  of  filters  play  the  role  of  the  subdivided  delay  lines 
in  block  diagram  of  traveling-wave  amplifier  described  above. 


( 
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Fig.  9.5.  Fundamental  amplifier  circuit  of  traveling  wave,  made  on 
chains/networks  of  filters. 

Page  465. 

Fundamental  special  feature,  of  this  amplifier  circuit  is  the  fact 
that  parasitic  elements  {capacities/capacitances  of  tube)  perform  role 
of  capacities/capacitances  of  filters,  i.e.,  are  utilized  as  elements 
schematics  of  equivalent  long  line.  In  this  an  essential  difference 
in  the  amplifier  of  that  running  on  the  chains/networks  of  filters 
from  the  amplifier  in  the  sections  of  long  line.  In  the 
traveling-wave  amplifier  on  the  chains/networks  of  filters  is  utilized 
such  diagram  of  connection  of  tubes,  in  which  their 
slope/transconductance  is  summarized,  and  the  capacitances  are  not 
stored  up. 

The  possibilities  of  such  amplifiers,  which  ensure  the 
undistorted  amplification  of  pulse  signals,  are  determined  by  type  of 
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filters  used  in  them.  In  the  diagram  given  on  Fig.  9.5  the  simplest 
constant  K  filters  are  used.  Cutoff  frequency  in  these  filters 

o 

0)|1'  v  i.c  Since  capacitance  value  C  is  the  given  one  (it  it  is  equal  to 
stray  capacitance  of  tube),  then  for  an  increase  in  the  cutoff 
frequency,  and  thereby  of  the  passband  of  amplifier,  it  is  necessary 
to  decrease  the  value  of  inductance  L.  However,  the  decrease  of 
inductance  leads  to  the  decrease  of  characteristic  impedance  j:- 

and  thereby  to  the  decrease  of  the  amplifier  gain  K,  [formula  (9.2)]. 
After  considering  that  with  the  assigned  magnitude  of  distortions  the 
passband  of  amplifier  af  a/,,.,  where  a  -  certain  coefficient  (o<l), 
and  after  using  formula  (9.2),  let  us  determine  cut-off  frequency  or, 
that  also,  the  area  of  the  amplifier  gain  of  the  traveling  wave: 


s  c: -r  m 


where 


C0  —  Ca  -f-  Cc,  k  —  Ca/C„. 


This  expression  differs  from  the  expression  for  cut-off  frequency 
of  tube  (9.1)  given  earlier,  in  the  first  place,  in  terms  of  presence 
of  coefficient  k<l,  which  indicates  that  in  this  diagram  input  and 
output  capacitances  of  tubes  are  divided  and  that  cut-off  frequency 
due  to  this  is  raised,  in  the  second  place,  by  presence  of  coefficient 
a<l,  of  characterizing  properties  filter  and  degree  of  distortions  of 
pulses. 

Page  466. 

Since  a<l,  then  this  coefficient  decreases  the  cut-off  frequency. 
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Most  important  difference,  however,  is  the  fact  that  the  cut-off 
frequency  of  diagram  is  directly  proportional  to  the  number  of  tubes 
N.  This  means  that  by  an  increase  in  the  number  of  tubes  the  cut-off 
frequency  of  amplifier  can  be  made  as  to  high  as  desired  (formula  on 
considers  the  special  features  of  the  work  of  tube  at  the  superhigh 
frequencies  and  the  ohmic  losses  in  the  filters,  which 
establish/install  the  limit  of  increase  /rt.). 

As  it  follows  from  (9.3),  for  increase  in  cut-off  frequency, 
which  characterizes  area  of  amplifier  gain,  it  is  desirable  to 
increase  coefficient  a.  This  coefficient  shows  what  part  of  the 
filter  transmission  band  is  accepted  as  suitable  for  the  undistorted 
transmission  of  pulse  oscillations.  As  is  known,  the  transmission 
factor  of  a  constant  K  filter  is  constant  in  the  range  of  frequencies 
from  0  to  fi-p  only  when  the  filter  is  loaded  to  the  characteristic 
impedance,  which  has  fairly  complicated  dependence  on  the  frequency. 
Only  in  the  range  of  frequencies  f  lfp  it  is  possible  to  consider 
that  the  characteristic  impedance  of  filter  is  equal  to  p=i/L/C . 

Fig.  9.6,  borrowed  from  [33],  gives  dependences  of  modulus  of 
complex  transmission  factor  of  constant  K  filter  on  frequency  with 
different  values  of  load  resistance/resistor.  As  can  be  seen  from  the 
figure,  with  n*l,  i.e.,  when  Z„=*p,  the  amplitude-frequency 
characteristic  of  filter  is  far  from  ideal  and  for  the  undistorted 
transmission  its  only  initial  section  can  be  utilized. 
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Fig.  9.6.  Dependence  of  transmission  factor  of  filter  section  of  type 
K  on  frequency  with  different  values  of  load  resistance. 

Page  467. 

With  an  increase  in  the  number  of  filters  of  distortion  they  grow/rise 
and  passband  respectively  becomes  narrow.  Therefore  the  value  of 
coefficient  a  for  the  constant  K  filters  is  very  small.  Because  of 
this,  the  traveling-wave  amplifiers  on  the  constant  K  filters  are 
barely  suitable  for  the  application  in  the  nanosecond  pulse  technique. 

Considerably  best  results  are  obtained  during  application  in 
traveling-wave  amplifiers  by  M-derived  filter.  These  filters  differ 
from  constant  K  filters  in  terms  of  the  fact  that  the  inductance  of 
consecutive  branch  increases  in  m  of  times,  so  that  L„.  --  rnLh,  and  jn 
parallel  branch  there  is  included  inductance  Lhe 

capacitance  of  parallel  branch  so  it  increases  in  m  of  times  (Fig. 


*7  75- 
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9.7a).  Virtually  a  M-  derived  filter  is  performed  in  the  form,  shown 
in  Fig.  9.7b.  Between  the  coils,  which  stand  in  the  consecutive 
branch,  the  inductive  coupling  with  the  mutual  inductance  factor  M  is 
established/installed.  The  parameters  of  second  circuit  are  expressed 
as  the  parameters  of  the  first  as  follows: 


M  =  lk 

*  *  4m  K 


O-  CKm. 
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Fig.  9.7.  Filter  section  of  type  m:  a)  equivalent  diagram;  b) 
practical  fulfillment  of  diagram. 

Page  468. 

Since  the  network  of  filters  in  the  traveling-wave  amplifier  is 
equivalent  of  long  line,  the  quality  of  filters  is  convenient  to 
rate/estimate  by  dependence  of  time  lag  of  oscillation,  passing 
through  filter,  on  frequency.  Fig.  9.8  gives  the  dependence  of  time 
lag  on  value  t=I<o,1|7  It  follows  from  the  graph  that  the  greatest 

constancy  of  delay  time,  i.e.,  the  smallest  dispersion,  is  possessee 
by  the  filter  with  m=1.27.  A  filter  of  the  type  K(m=l)  possesses 
substantially  greater  dispersion.  Therefore  in  the  traveling-wave 
amplifiers  usually  are  utilized  the  chains/networks  of  filters  with 
m-1.27.  For  the  equalization  of  the  frequency  characteristic  of  the 
chain/network  of  filters  in  the  beginning  and  at  the  end  of  the  line 
usually  are  placed  the  half-sections  with  m*0.6. 

Theoretical  analysis  of  processes,  which  occur  in  traveling-wave 
amplifiers  on  chains/networks  of  filters,  is  very  complex  and  little 
it  is  suitable  for  engineering.  For  the  amplifiers,  which  contain 
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from  3  to  30  sections,  the  time  of  the  establishment  of  transient 
response  can  be  determined  according  to  empirical  formula  [171] 

t  Jil 

where  --  2 w  if  r  r,/J 

A  A 


Overshoot  of  transient  response  composes  approximately  15-25%. 
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Fig.  9.8.  Dependence  of  time  lag  on  x  for  different  values  of 
parameter  m. 
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Page  469. 


Key:  (1).  uH.  (2).  V.  (3).  Input. 


Page  470. 

Amplifier  circuits  of  the  traveling  wave  on  chains/netvorks  of 
M-derived  filters  repeatedly  were  described  in  the  literature;  into 
[40]  there  is  table  of  reference  data  on  amplifiers.  Therefore  as  the 
illustration  let  us  give  only  the  one  amplifier  circuit,  shown  in  Fig. 
9.9.  It  provides  the  amplification,  equal  to  2.8  in  the  frequency 
band  to  400  MHz.  The  characteristic  impedance  of  the  anodic  filter 
equally  to  150  ohms  (inductance  of  each  half  of  coil  0.049  yH,  mutual 
inductance  factor  between  the  sections  0.020  <iH).  The  input  impedance 
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of  a  tube  increased  due  to  the  inclusion  of  inductance  in  the  screen 
circuits  of  tube  (which  was  formed  due  to  the  wires  of  bypass 
capacitor).  The  time  of  the  establishment  of  the  transient  response 
of  amplifier  was  less  than  2  ns. 

The  drop  in  input  resistance  of  the  receiver-amplifier  tubes  at 
superhigh  frequencies  leads  to  need  for  utilizing,  instead  of  them, 
the  shf  triodes,  which  possess  considerably  high  input  resistance.  The 
direct  switching  on/inclusion  of  triodes  instead  of  the  pentodes  is 
impossible,  since  it  leads  to  the  onset  of  feedback  between  the  anodic 
and  grid  lines  due  to  the  transfer  capacitance.  Therefore  triodes  in 
the  traveling-wave  amplifiers  are  switched  on,  for  example,  in  the 
manner  that  it  is  shown  in  Fig."  9.10.  This  diagram  makes  it  possible 
to  substantially  decrease  the  capacitive  coupling  between  the  anodic 
and  grid  lines. 

9.4.  Traveling-wave  amplifiers  in  the  sections  of  long  lines. 

Traveling-wave  amplifiers  on  chains/networks  of  filters  have  the 
deficiency,  that  passband  of  their  is  determined  by  critical  frequency 
of  filter. 
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Fig.  9.10.  Method  of  switching  on/inclusion  of  shf  triodes  for  the 
purpose  of  a  decrease  in  the  effect  of  transfer  capacitance. 

Page  471. 

In  this  case  virtually,  since  the  chain/network  of  filters  is  loaded 
not  on  the  characteristic  impedance,  but  on  the  constant  effective 
resistance,  the  upper  band  edge  of  the  transmission  of  filter  is 
considerably  less  than  the  critical  frequency  of  filter.  This  fact 
leads  to  the  fact  that  for  amplifying  the  signals  with  the  very  wide 
spectrum  it  is  necessary  to  proceed  from  other  principles  of  the 
construction  of  amplifiers. 

One  of  methods  virtually,  of  completely  removing  effect 
transmitting  systems  from  passband  of  amplifier,  is  replacement  of 
filters  in  anode  and  grid  circuits  sections  of  long  line.  The  long 
line,  loaded  on  the  wave  impedance,  makes  it  possible  to  carry  out  the 
undistorted  transmission  of  oscillations  with  the  very  wide  spectrum. 
All  distortions,  which  can  arise  in  this  amplifier,  depend  on  the 
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presence  of  tubes  and  they  will  depend  on  their  parameters  input  and 
output  capacitances,  input  resistance,  etc.). 


Structurally  the  amplifier  in  sections  of  long  lines  appears  in 
the  manner  that  it  is  shown  in  Fig.  9.11. 
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Fig.  9.11.  Arrangement  of  anodic  and  grid  lines  in  traveling-wave 
amplifier. 

Key:  (1).  Plate  line.  (2).  Grid  line. 


( - T - 1 


Fig.  9.12.  Equivalent  amplifier  circuit  of  traveling  wave  in  sections 
of  long  lines. 

Page  472. 


The  transmission  lines  are  formed  by  straight/direct  wire  or  tube  and 
corner  screen/shield.  The  anode  and  the  grid  of  tube  are  connected  to 
the  appropriate  lines,  and  cathode  -  to  the  corner  screen.  This 
system,  besides  the  increased  electrical  indices,  possesses  still 
advantages  in  a  design  sense. 


1 

a 


•* 


The  traveling-wave  amplifier  is  a  distributed  system  with 
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discrete/digital  heterogeneities  (Fig.  9.12).  Let  us  designate  the 
number  of  tubes  through  N.  In  this  figure  the  tubes  are  replaced  with 
their  input  and  output  resistance  and  capacities/capacitances.  The 
pulse  which  is  propagated  on  the  grid  circuit  is  passed  to  it  through 
n  heterogeneities,  which  are  the  integrating  components/1 inks,  and 
then  it  passes  through  m  integrating  components/1 inks  to  anode 
circuit;  it  is  easy  to  see  that  n+m=N+l. 

Let  us  accept  at  first,  that  delay  time  of  one  section  is  more 
than  half  of  pulse  duration,  then  action  of  each  heterogeneity  can  be 
examined  independently.  Let  also  the  pulse  have  rectangular  form  and 
in  section/segment  [0, /„]  be  described  by  unit  function  l(t),  whose 
spectrum  exists  l/jw.  Pulse  spectrum  after  passage  n  of  the 
heterogeneities 

where  the  reflection  coefficient  from  the  heterogeneity 


and  zo  is  the  parallel  connection  of  the  resistors/resistances  of 
input  capacitance  Cc,  input  resistance  Re  and  input  resistance  of  the 
right  side  of  the  line,  i.e.,  Po-  Let  us  assume  that  >jpc,  then 

Zo  =Po/(l  +/**c), 
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Substituting  this  expression  into  formula  for  reflection 
coefficient  and  further  into  formula  for  FBH>  we  obtain 


Page  473. 


Assuming  that  time  constant  of  heterogeneity  in  plate  line  is 
equal  to  time  constant  of  heterogeneity  in  grid  line,  then  immediately 
it  is  possible  to  write  expression  for  pulse  spectrum,  which  passed 
through  amplifier. 


7+.  H  --- 


IU 


Shape  of  this  pulse,  which  coincides  with  form  of  transient 
response  of  amplifier  in  section/segment  [0.2t3],  will  be  located  by 
computing  integral 


whence 


where 


A  2-!r 

—oo 

,\  (1  >  -  l'  IN’  -1-  5 .  -V  -  (V  -\-  1  (°-4) 


Transient  response  of  traveling-wave  amplifier  in  sections  of 
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long  lines  with  t?2t,  coincides  with  transient  response  of 
resistance-coupled  amplifier,  which  contains  N+l  cascades/stages.  Let 
us  note  that  when  deriving  the  equation  of  transient  response  were 
examined  only  the  distortions,  created  by  heterogeneities,  but  the 
amplifier  effect  of  tubes  was  not  considered.  If  we  consider  the 
amplifier  effect  of  tubes,  then  the  steady-state  value  of  transient 
response  must  be  multiplied  on 


Time  of  establishment  of  transient  response  of  traveling-wave 


amplif ier 


/y  =  2,2*  J/AZ  +  I  —  ! ,1p.Ca  |  N+I, 
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It  follows  from  the  formula  that  the  area  of  amplifier  gain  of 
traveling  wave  in  sections  of  long  lines  is  proportional  to  root  from 
number  of  tubes.  Of  this  consists  a  difference  in  this  amplifier  from 
the  traveling-wave  amplifier  on  the  chains/networks  of  the  filters, 
for  which  the  area  of  amplification  is  proportional  to  first  degree  of 
N.  However,  this  advantage  of  amplifiers  on  the  chains/networks  of 
filters  is  retained  only  in  relatively  small  of  frequencies,  for  which 
the  transmission  factor  of  chain/network  can  be  considered  constant, 
whereas  for  the  amplifier  in  the  sections  of  long  lines 
relationship/ratio  (9.5)  remains  valid  for  the  very  broadband. 


Formulas  written  above  did  not  consider  the  phenomenon  of 
reflection  from  heterogeneities.  After  a  lapse  of  time  2t3  to  the 
output  of  amplifier  there  will  arrive  the  oscillations  reflected  from 
the  heterogeneities,  i.e.,  the  pulses,  which  completed  besides  the 
passage  through  N-l  the  section  of  line  another  cycle  on  the  ring, 
formed  by  any  of  the  sections  (sections)  of  line  and  by  two 
heterogeneities.  If  we  are  distracted  from  the  fact  that  in  the  plate 
line  the  pulses  go  not  only  in  the  direction  of  load,  but  also  into 
the  opposite  I  will  move  that  are  caused  supplementary  reflections, 
then  it  will  be  immediately  evident  that  the  spectrum  of  the  first 
signal 

(A'~  1)0  +>rv+rA~'“V+','‘ 


reflected . 
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Under  actual  conditions  in  plate  line  supplementary  reflections 
appear.  By  examining  the  process  of  forming  these  reflections,  it  is 
possible  to  obtain  their  expression  for  the  spectrum  of  the  first  echo 
pulse 


'r.oTi»=7^<N—  i)(i  +/»r+v+ 

h) 


‘V-’  '*  ' 


+  2‘-V-(l  +pr--p)e 


taking  into  account 
Page  475. 

Since 


/«>' 


!  +-/»' 


?*  1  +/;: 


I 


1  +  /«' 


where  u=u r,  then 


F  \  u  r  i>  (® )  -  -  A ,  x  -  v  +  j  X 

(I  +  ;<o)'  +  i 

-/«•' i.v  t-  J)  - 


x  |  +/'"'+ x] 0 

Realizing  the  inverse  transformation  of  Fourier,  we  obtain 


f  ~\\  >  J)/ 


W IOT1*  A  v  0 

JjV  -M)  f,\>  < 1  A'  I  /. 
*  ’  )  '(-V+  I  )!\ 


X 

I  t_  (,V  +  0)  l,  \ 

V  T  / 


('.).<■>) 


Resulting  transient  response  of  traveling-  wave  amplifier 


A  (/»  -^(0 -f- 

where  A(t)  is  determined  by  formula  (9.4),  and  «,cn.(0--by  formula 
(9.6). 
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Let  us  exclude  from  these  formulas  shift/shear  to  period  (N-l)t,, 


then 


Ai/)=a; 


M 


i  —  ‘t 

'V-i  . — 


(N+  I)!  l> 
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Form  of  transient  response  depends  substantially  on  value  t,. 
Fig.  9.13a  shows  the  transient  responses  of  amplifier  for  N=5,  6,  7 
without  taking  into  account  the  first  reflection,  while  in  Fig.  9.13b 
-  the  first  reflection  for  the  same  cases.  Time  lag  2t,  in  the 
latter/last  figure  is  not  shown.  The  resulting  transient  response  is 
equal  to  the  sum  of  these  curves,  displaced  by  time  2t3. 

Fig.  9.13c  gives  example  of  transient  response  for  N=6  with 
certain  time  lag  2tJf  selected  in  such  a  way  that  transient  response 
would  be  best. 

Page  476. 

The  obtained  transient  response  has  nevertheless  very  large 
nonuniformity  of  apex/vertex,  what  is  the  deficiency,  characteristic 
to  the  traveling-wave  amplifiers  of  such  types. 

Fig.  9.14  gives  amplifier  circuit  of  traveling  wave  in  sections 
of  long  lines  [172].  Plate  line  in  it  is  formed  by  copper  wire  and 


•  '•  v  j  ri  *>;%»*** j '/  r-* 
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screen/shield,  and  grid  -  by  tube  and  by  the  screen/shield  (grid  line 
it  must  have  smaller  wave  impedance).  Amplifier  has  a  passband  from 
10  to  400  MHz  with  the  nonuniformity  of  frequency  characteristic  ±3 
dB.  Amplification  consists  of  15  dB  and  an  output  resistance  of  50 
ohms.  The  form  of  the  frequency  characteristic  of  amplifier  is  given 
in  Fig.  9.15. 

Traveling-wave  amplifier  on  transistors  is  described  into  [173]. 
The  diagram  of  one  section  of  amplifier,  input  and  output  circuits  is 
given  in  Fig.  9.16. 


Fig.  9.14.  Amplifier  circuit  of  traveling  wave  on  tubes  6AK5. 

Key:  (1).  uH. 

Page  478. 

Amplifier  cpnsists  of  four  sections  and  gives  amplification  at  5.1  dB. 
The  passband  of  amplifier  is  equal  to  290  MHz,  the  resistance  of  the 
load  is  43,4  ohms.  In  the  amplifier  were  utilized  the  transistors 
1N1143.  the  input  and  output  capacitances  of  transistors  were 
C,  =  Co=*5  pF.  Jnput  resistance  of  transistor  on  alternating  current 
R i 500  of  ohms,  and  output  R,*280  kilohms.  (At  a  frequency  of  200  MHz 
of  value  and  Rt  they  are  reduced  to  150  and  300  ohms  respectively). 
Amplifier  is  assembled  according  to  common- emit ter  connection  which  it 


mi 
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has  the  best  characteristics,  than  common-base  circuit. 


9.5.  PULSE  AMPLIFIERS  ON  TUNNEL  DIODES.  OPERATING  PRINCIPLE. 


Elements  of  amplifier  possessing  negative  resistance  as,  for 
example,  tunnel  diodes,  can  be  utilized  not  only  for  generation  of 
oscillations,  but  also  for  their  amplification.  The  amplifiers,  made 
on  the  elements  with  negative  resistance,  differ  from  usual  amplifiers 
by  tubes  or  transistors  in  terms  of  the  fact  that  the  effect  of 
amplification  in  them  it  is  reached  due  to  the  action  of 
self-feedback.  Therefore  amplifiers  on  the  elements  with  negative 
resistance  are  the  regenerated  (or  regenerative)  amplifiers  or,  in 
other  words,  by  the  underexcited  oscillators. 
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Fig.  9.15.  Frequency  characteristic  of  traveling-wave  amplifier. 
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Fig.  9.16.  Amplifier  circuit  of  traveling  wave,  made  on  transistors. 
Key:  (1).  uH.  (2).  Section  of  amplifier.  (3).  wire.  (4). 

output.  (5).  input.  (6).  ohm.  (7).  V  . 


Page  480. 

Simplest  amplifier  circuit,  made  on  tunnel  diode,  is  given  in 
Fig.  9.17a.  It  consists  of  tunnel  diode  TD,  source  of  signal  >'J  and 
resistor/resistance  R.  Let  us  examine  the  operating  principle  of  this 
diagram,  after  being  restricted  at  first  to  the  region  of  the  low 
frequencies,  which  does  not  affect  the  action  of  the  reactive/jet 
parameters  of  circuit  and  tunnel  diode.  Equivalent  amplifier  circuit 
for  this  case  is  depicted  in  Fig.  9.17b.  The  resistor/resistance  of 
spreading  is  included  here  in  the  resistance/resistor  of  load  R.  Feed 
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circuits  in  the  figure  are  not  shown. 

It  is  necessary  for  steady  state  of  equilibrium  of  this  diagram 
(as  this  was  shown  in  Chapter  7)  so  that  resistance/resistor  of  load  R 
would  be  lower  than  modulus/module  of  negative  resistance  R„ . 

Therefore  load  straight  line  will  cross  the  volt-ampere  characteristic 
of  tunnel  diode  (Fig.  9.18).  The  angle  of  the  slope  of  full-load 
saturation  curve  e  will  be  more  than  the  angle  of  the  slope  7  of  the 
falling/incident  section  of  the  linearized  volt-ampere  characteristic. 
The  point  of  intersection  of  full-load  saturation  curve  with  the  axis 
of  abscissas  will  indicate  the  value  of  voltage  of  supply  source  Q. 

Under  the  action  of  source  of . alternating  voltage  Qt  load 
straight  line  will  be  moved  in  parallel  to  itself  to  value  U,  - 
amplitude  of  amplified  voltage  (this  value  it  is  counted  off  along 
axis  of  abscissas).  Because  of  this  the  operating  point  will  be  moved 
according  to  the  volt-ampere  characteristic  of  tunnel  diode  in  section 
BC.  In  this  case  the  amplitude  of  alternating  voltage  on  the  tunnel 
diode  U,  as  can  be  seen  from  Fig.  9.18,  there  will  be  more  than  the 
amplitude  of  applied  voltage. 
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a)  t) 

Fig.  9.17.  Simplest  amplifier  circuit,  made  on  tunnel  diode. 

Page  481. 

It  is  not  difficult  to  see  also  that  at  the  sharper  the  angle  will 
intersect  the  full-load  saturation  curve  the  falling/incident  section 
of  volt-ampere  characteristic,  the  greater  the  amplitude  of  the  output 
voltage  U  will  be.  In  other  words,  for  obtaining  the  high 
amplification  factor  it  is  necessary  that  the  resistance/resistor  of 
load  R  would  be  close  to  the  modulus /module  of  negative  resistance  of 
tunnel  diode. 

As  can  be  seen  from  equivalent  diagram,  tunnel  diode  amplifier  is 
potentiometer,  which  consists  of  resistors/resistances  of  R-R0 ,  to 
which  is  conducted/supplied  voltage  v0.  The  transmission  factor  of 
this  potentiometer 

K  — —  1 

0  R-R. 


is  more  than  one,  because  one  of  its  arms  has  negative  resistance. 
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Fig.  9.18.  To  explanation  of  operating  principle  of  amplifier. 

Key:  (1).  output.  (2).  input. 

Page  482. 

Approaching  the  ratio  R/R0  to  one,  it  is  possible  to  obtain  any  value 
of  amplification  factor  from  the  diagram.  However,  in  proportion  to 
approximation/approach  R/R0  to  one  sharply  grows/rises  the  danger  of 
the  self-excitation  of  diagram.  Therefore,  it  is  virtually  difficult 
to  obtain  from  one  cascade/stage  of  tunnel  diode  amplifier 
amplification  factor  more  than  10. 

Tunnel  diode  amplifier  detects  much  in  common  with  re-generative 
amplifiers.  As  is  known,  the  amplifier  gain  with  the  positive 
feedback 
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where  K  -  amplifier  gain  without  the  feedback,  and  m  -  factor  of 
feedback. 

Value  l/(l-m)  is  gain  in  amplification  factor,  attained  due  to 
introduction  to  positive  feedback,  i.e.  due  to  regeneration.  The 
amplifier  gain  unlimitedly  grows  with  m~l,  while  amplifier  is 
self-excited  with  m=l. 

Similar  pattern  is  observed  also  in  tunnel  diode  amplifier.  In 
this  simplest  diagram  value  R/R,  plays  the  role  of  the  factor  of 
feedback.  Therefore  entire/all  value  of  the  factor  of  amplification 
of  this  type  of  amplifier  is  determined  only  by  gain  due  to  the 
regeneration. 

Let  us  consider  now  action  of  transition  capacitance  and  let  us 
depict  equivalent  amplifier  circuit  on  tunnel  diode  in  the  form  of 
Fig.  9.19. 
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Fig.  9.19.  Equivalent  amplifier  circuit  on  tunnel  diode. 
Page  483. 

Complex  transmission  factor  of  this  circuit 

i 


A»  = 


i  -RtR, 

i+iaC‘RT=m; 


_ i _ 

(I  —  R/R,)  (I  +  jut 


where 


t 


Oo - 


I 


C„R  _ 


Passband  of  amplifier  with  this  characteristic  at  level  1/V2. 

2*t0#  2nC„R  ’ 


and  the  area  of  amplification 


1  I  -  R  R,  _  I 
—  R  R/  “  2«c,«  —  2nV;,/?  • 


As  is  known,  introduction  to  positive  feedback  to  amplifier,  time 
constant  of  which  is  equal  to  r,  it  increases  it  in  l/(l-m)  times, 
which  leads  to  decrease  in  so  many  once  of  passband  of  amplifier.  The 
area  of  amplifier  gain  in  this  case  remains  constant/invariable.  It 
is  evident  from  that  presented  that  the  amplifiers  on  the  elements 
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with  negative  resistance  possess  all  properties  of  re-generative 
amplifiers,  "fliis  is  completely  natural,  since  the  elements  with 
negative  resistance  are  to  circuit  with  the  internal  positive 
feedback. 


For  transient  response  of  RC-circuit  on  tunnel  diode  it  is 
possible  to  write  following  expression: 


^(0  — —  e“,/’"r), 


where 


•  •  /■  t  .  R„ 

A  '■<■  T-  m  •  |  ^  R  +  Ra’ 


With  m>l  diagram  on  tunnel  diode  is  bistable  flip-flop,  while 
when  M<1  -  a  resistance-coupled  amplifier. 

Page  484. 


9.6.  AMPLIFIER  CIRCUITS  ON  THE  TUNNEL  DIODES. 


Simplest  amplifier  circuit  on  tunnel  diode,  given  in  Fig.  9.17, 
always  cannot  be  realized  for  following  reasons.  For  the 
stabilization  of  amplification  resistor/resistance  R  must  be  less  than 
R0.  As  it  was  already  said,  the  resistor/resistance  of  spreading 
tunnel  diode  enters  into  value  R. Furthermore,  into  it  enters  the 
internal  resistor/resistance  of  the  source  of  signal  In  a  number  ) 
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of  cases  even  in  the  absence  of  the  supplementary  resistor/resistance 
R,  sum  Rs+Ri  is  more  than  the  modulus /module  of  negative  resistance  of 
the  tunnel  diode  R#. 

Therefore  in  order  to  ensure  stable  work  of  amplifier,  it  is 
necessary  to  modify  its  diagram,  for  example,  in  the  manner  that  it  is 
shown  in  Pig.  9.20a.  This  diagram  is  characterized  by  from  the 
preceding/previous  fact  that  in  parallel  to  tunnel  diode  in  it  stands 
back-out  resistor  Fig.  9.20b  shows  the  equivalent  schematic  of 
this  amplifier. 

In  order  to  clarify  action  of  shunt  on  properties  of  tunnel 

diode,  let  us  turn  to  figure  9.21,  in  which  are  shown  volt-ampere 

characteristics  of  tunnel  diode,  shunted  by  resistor/resistance  R> u- 

»'.e. 

Lower  curve  corresponds  to  case  Ru i=°°»  ^presents  the  initial 
volt-ampere  characteristic  of  tunnel  diode.  Upon  the  inclusion  of 
resistor/resistance  R,„>R0  the  form  of  volt-ampere  characteristic 
changes. 
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Fig.  9.20.  Parallel  amplifier  circuit  on  tunnel  diode. 

Page  485. 

First,  it  entire/all  passes  above,  since  the  conductivity  of  circuit 
tunnel  diode  -  shunt  is  more;  in  the  second  place,  the 
slope/transconductance  of  the  feeding  section  of  characteristic  it 
decreases,  which  indicates  an  increase  in  negative  resistance  of 
tunnel  diode.  The  latter  is  easy  to  explain,  on  the  basis  of  the  fact 
that  the  total  resistance  of  circuit  tunnel  diode  -  shunt  in  the 
section  with  the  negative  slope/transconductance 

_  D'  _ 

0  —  -X  +  >«T 

on  the  modulus /module  is  more  R.. 

With  further  decrease  of  resistor/resistance  of  shunt  sets  in 
such  situation,  when  total  resistance  of  tunnel  diode  and  shunt  goes 
to  infinity  (in  this  case  Rm=Rj).  The  middle  section  of  volt-ampere 
characteristic  goes  in  parallel  to  the  axis  of  abscissas.  In  this 
section  impedance  of  tunnel  diode  is  approximately  equal  to  the 
resistor/resistance  of  transition  capacitance  how  they  sometimes  use 
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for  measuring  this  capacity/capacitance.  If  #„!</?„,  then  on  the 
volt-ampere  characteristic  of  diode  middle  section  acquires  positive 
incl inat ion/slope . 
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Fig.  9.21.  Effect  of  back-out  resistor  on  characteristics  of  tunnel 
diode. 

Page  486. 

49 

Thus,  shunting  of  tunnel  diode,  used  in  amplifier  circuit, 
increases  negative  resistance  of  diode  and  stability  of  diagram 
provides  thereby.  ‘Tfhis  diagram  during  the  investigation  can  be 
brought  to  the  diagram,  examined  in  the  preceding/previous  section,  if 
we  replace  in  it  the  resistor/resistance  of  tunnel  diode  -R0  on  -R'0. 

System  described  above  is  called  parallel.  Together  with  it 
finds  use  series  circuit  of  amplifier  (fig.  9.22a).  In  this  to 
diagram  the  source  of  signal,  tunnel  diode  and  load 

resistance/resistor  are  connected  in  series.  The  equivalent  schematic 
of  this  amplifier  is  shown  in  Fig.  9.22b.  For  guaranteeing  the  stable 
operation  of  this  diagram  it  is  necessary  that  the  total  resistance 
Ri+R„  would  be  less  than  R, .  This  fact  to  a  certain  degree  limits  the 


DOC  =  88076727 


PAGE 


application  of  series  circuit,  which,  however,  has  a  series/row  of 
advantages  in  comparison  with  the  parallel  diagram  (with  the  work  in 
the  compound  configurations  with  the  transistors,  with  the  cascade 
inclusion,  etc.). 

Transmission  factor  of  amplifier  (here  it  is  examined  region  of 
low  frequencies) 

L' _ R“ _ 

—  y?,  +  r„  —  #« 

unlimitedly  grows/rises  in  proportion  to  approximation/approach  of  sum 
of  positive  resistors/resistances  R,  +  RH  to  The  characteristics  of 
consecutive  amplifier  are  similar  to  the  characteristics  of  the 
amplifier,  assembled  according  to  parallel  diagram. 

Fundamental  amplifier  circuit  with  series  connection  of  diode  is 


given  in  Fig.  9.23a. 
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a)  b) 

Fig.  9.22.  Series  circuit  of  tunnel  diode  amplifier. 

Page  487. 

Another  feed  circuit  of  diode  and  transient  circuit,  which  connects 
amplifier  with  the  subsequent  cascade/stage,  are  shown  on  this  diagram 
besides  the  source  of  signal,  tunnel  diode  and  load.  Here  C0 i  ~ 
output  capacitance  of  the  source  of  signal,  and  C0 2  -  the  input 
capacitance  of  amplifier  is  given  in  Fig.  9.23b.  On  it  the  tunnel 
diode  is  replaced  with  resistor  -R0  and  capacitance  C,  (it  is  assumed 
that  R,  <  /?0). 
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Fig.  9.23.  Complete  electrical  circuit  of  consecutive  tunnel  diode 
amplif ier. 


Page  488.  To  [174]  is  given  the  calculation  of  this  diagram  and  the 
following  expressions  for  its  frequency  and  phase  response: 
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Fundamental  amplifier  circuit  with  parallel  connection  of  tunnel 
diode  is  given  in  Fig.  9.24. 

Page  489. 

The  equations  of  its  frequency  and  phase  responses  will  be  recorded  as 
follows:  for  the  region  of  the  higher  frequencies 


*.(«)  =  —** 

V  1  + 

To  («*)  —  —  arc  tg  «>Tn; 

for  the  region  of  the  lower  frequencies 
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where 


A' 


(i, 

G«  -j-  (‘i. , 


Gi  —  Hi  *  G“  —  ^  •  G“->  -  Gu  -L  C’u,  Ol{  --  ~ , 


(II  ^al  ^»S 
Gi  +  G„ 


.  — C  jj-  -/?- 


A>. 


+  G„/f„  —  I 


Upper  and  lower  band  edges  of  transmission 

p  __  1  /?  ’  - 

'  b  -  2r.x„  ’  7  11  '  ~  ‘ 

According  to  formulas  given  above  it  is  possible  to  perform 
calculation  of  amplifiers. 

9.7.  DISTRIBUTED  TUNNEL  DIODE  AMPLIFIERS. 


In  the  case  when  amplification  of  one  cascade/stage  is 
insufficient  there  appears  the  need  for  series  connection  of 
cascades/stages.  In  connection  with  diagrams  on  the  tunnel  diodes 
this  question  cannot  be  examined  as  simply  as  in  the  case  of  applying 
the  tube,  since  tunnel  diode  is  two-terminal  network;  therefore  it  is 
necessary  to  resort  to  some  special  procedures.  Fig.  9.25a  shows 
amplifier  circuit  on  the  tunnel  diode.  Capacity/capacitance  of  C  and 
inductance  L  in  the  frequency  band  in  question  are  received  as  so/such 
large  that  their  effect  can  be  disregarded/neglected. 

•:> 


i 
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Fig.  9.24.  Complete  electrical  schematic  of  parallel  tunnel  diode 
amplifier. 

Page  490. 

Then  equivalent  amplifier  circuit  will  take  the  form,  shown  in  Fig. 
9.25b.  Since  further  examination  is  conducted  only  for  the  relatively 
low  frequencies,  then  capacitance  C,  of  diode  is  not  shown. 
Amplification  of  this  cascade/stage 


So  that  it  would  be  possible  to  connect  in  series  cascade/stage, 
is  required  to  add  into  diagram  one  additional  tunnel  diode,  whose 
presence  does  not  change  value  of  factor  of  amplification  of  diagram 
[175].  This  cascade/stage  is  shown  in  Fig.  9.26a,  and  its  equivalent 
diagram  in  Fig.  9.26b.  The  factor  of  amplification  of  this  diagram  is 
the  same.  The  input  resistance  of  the  first  diagram  (Fig.  9.25) 
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Fig.  9.25.  Amplifier  circuit  on  tunnel  diode. 


•>  A 

Fig.  9.26.  Amplifier  circuit  with  supplementary  tunnel  diode. 


) 
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Page  491. 

It  is  possible  to  select  -  R#1  such  that  in  order  to  K'tx=K,  then 

_  r>  _  R(R  —  P„) 

n,  • 

The  input  resistance  of  this  diagram  is  equal  to  load 
resistance/resistor.  This  means  that  the  second  diagram  can  be 
utilized  as  load  for  the  first  diagram. 

Schematic  of  multistage  amplifier  is  shown  in  Fig.  9.27.  The 
amplification  of  this  diagram  is  equal  KxKa,  where 

K  -  * 

1  "  .V  /<>,  1-/C 

This  diagram  can  be  considered  a's  a  transmission  line,  which 
connects  the  oscillator  with  a  load.  Since  it  consists  of  elements 
with  negative  resistance,  then  it  creates  amplification,  but  not  loss. 
Diagram  described  here  can  be  considered  as  one  of  the  versions  of  the 
distributed  tunnel  diode  amplifier. 

Another  type  of  traveling-wave  amplifier  [176]  (Fig.  9.28)  is  the 
network  of  filters,  which  consists  of  hi  sections. 
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Fig.  9.27.  Schematic  diagram  of  multistage  tunnel  diode  amplifier. 


Fig.  9.28.  Amplifier  circuit  of  traveling  wave  on  tunnel  diodes. 

Page  492. 

Each  of  the  sections  is  equivalent  to  the  section  of  the  long  line,  at 
end/lead  of  which  is  included/switched  on  tunnel  diode,  i.e.r  the 
parallel  connection  of  negative  resistance.  -R,  and  capacitance  C#. 
Let  the  section  of  long  line  with  the  wave  impedance  p  be  loaded  to 
the  parallel  connection  of  resistances  -R,  and  In  this  case  total 
resistance  at  the  end/lead  of  the  line 


o _ RhR» 


If  R«p,  then  the  line  will  be  matched.  In  this  case  for 
satisfaction  of  matching  conditions  it  is  necessary  that  R„  would  be 
less  p. 
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In  order  to  attain  agreement  in  presence  of  capacity/capacitance, 
it  is  necessary  from  section  of  long  line  to  pass  to  its  equivalent, 
since  this  is  shown  in  Fig.  9.29.  In  this  case  the 
capacity/capacitance  of  the  tunnel  diode  C,  must  be  equal  to 
capacity/capacitance  of  C/2,  which  loads  line.  The  critical  frequency 
of  line  Fu v  and  capacity/capacitance  of  C0  determine  the 
characteristic  impedance 


Resistance/resistor  of  load  #>.  can  be  input  resistance  of  second 
cascade/stage  p,.  The  wave  impedance  of  the  second  cascade/stage  must 
be  lower  than  the  characteristic  impedance  of  the  first  cascade/stage 
so  that  the  condition  for  agreement  would  be  satisfied.  /Analogously 
still  several  cascades/stages  can  be  added  to  the  diagram. 
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Fig.  9.29.  Equivalent  schematic  diagram  of  section  of  traveling-wave 
amplifier  on  tunnel  diodes. 

Page  493. 

The  latter  of  them  is  loaded  to  the  resistance/resistor  of  load 

The  Nth  cascade  proves  to  be  loaded  on  its  characteristic  impedance, 

if 

J_=I  .  <v 

Pi 

Critical  frequency  of  line 

~ 7pi,7F,  '  'T~*v  r-c. 

Since  line  will  agree  in  limits  of  passband,  voltage 
amplification  factor  is  equal  to  one.  However,  the  power  gain  of  more 
than  one  due  to  the  decrease  of  resistor/resistance  is  determined  by 
the  relationship/ratio 

) 

Is  described  also  traveling-wave  amplifier  [177]  with  narrow 
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track  diode,  arranged/located  along  axis  of  strip  line,  and  with  two 
absorbing  loads  at  certain  distance  the  it  (Fig.  9.30). 
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Fig.  9.30.  Diagrammatic  representation  of  traveling-wave  amplifier, 
made  on  distributed  tunnel  diode. 

Key:  (1).  Tunnel  diode.  (2).  Absorbing  load. 

Page  494.  . 

In  this  system  are  propagated  the  waves  of  the  type  TE,  whose  phase 
rate  is  lower  than  the  speed  of  light  as  a  result  of  the  capacitive 
load  of  track  tunnel  diode.  For  these  waves  magnetic  and  electric 
fields  in  the  direction,  perpendicular  to  the  band,  attenuate 
exponentially  and  proportional  to  frequency.  Therefore  two  absorbing 
loads  have  considerable  conductivity  for  all  low-frequency 
oscillations  (including  for  the  direct  current),  without  exerting  a 
substantial  influence  on  the  high-frequency  fields.  The  difficulty  of 
the  realization  of  this  system  consists  in  the  fact  that  it  amplifies 
in  both  directions.  Weak  mismatches  in  the  line  are  the  sources  of 
standing  waves  and  if  amplification  is  great,  generation  begins.  On 
the  strength  of  the  fact  that  negative  resistance  operates  at  all 


'.H-V  >*  *.-**  <•  -  ' 
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frequencies,  the  problem  of  the  agreement  of  the  input  and  output 
a  wide  range  of  frequencies  virtually  hardly  it  is  feasible. 
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Fig.  9.31.  Design  of  traveling-wave  amplifier  on  distributed  tunnel 
diode. 

Key:  (1).  Ferrite  attenuator.  (2).  Tunnel  diode.  (3).  Absorbing 

load. 

Page  495. 

For  eliminating  generation  in  the  traveling-wave  amplifier 
combined  system,  which  includes  distributed  tunnel  diode  and 
nonreciprocal  ferrite  attenuator  [177],  was  proposed.  This  system 
amplifies  the  signals  which  pass  in  one  direction, 
weakening/attenuating  them  in  the  other  direction.  In  the 
device/equipment  there  are  thin  ferrite  plates  located  along  both 
sides  from  the  narrow  track  diode.  The  permanent  magnet,  on  which  is 
arranged/located  this  device/equipment,  creates  in  the  ferrite 
nonuniform  field,  strong  near  the  axis  and  weaker  on  the  edges  of 
strip  line.  Therefore  the  frequency  of  ferromagnetic  resonance 


) 
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decreases  in  proportion  to  removal/distance  from  the  axis,  which 
retains  the  nonreciproral  properties  of  ferrite  medium  in  the  very 
broadband  (Fig.  9.31). 

9.8.  Amplification  of  pulses  in  the  diagrams  on  the  tubes  with  the 
secondary  emission.  Pulse  feed  of  amplifiers. 

Let  us  examine  possibilities  of  use  for  amplifying  pulses  of 
short  duration  of  usual  diagrams  on  tubes  with  secondary  emission  and 
pulse  feed  of  amplifiers. 

One  of  amplifier  circuits  on  tube  with  secondary  emission  is 
given  in  Fig.  9.32  [40]. 
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Fig.  9.32.  Amplifier  circuit  of  traveling  wave  on  tubes  with 
secondary  emission. 

Key:  (1).  Matching  resistance.  (2).  Output.  (3).  Input. 

Page  496. 


Amplifier  was  made  on  tubes  EFP-60,  whose  cut-off  frequency, 
determined  only  taking  into  account  interelectrode  capacitances,  was 
equal  to  225  MHz.  The  intertube  connection  was  the  low-pass  filter, 
formed  by  elements  L  and  C.  The  role  of  capacitances  C/2  was 
fulfilled  by  the  input  and  output  capacitances  of  the  tubes. 

Resistors  Rx  were  equal  to  the  characteristic  impedance  of  filter 

?~V 7j-  In  this  case  the  quadrupole  in  the  sufficiently  wide  frequency 
band  presented  for  the  anode  circuit  of  tube  resistor/resistance 

p  a 

2 =  y .  In  the  anode  circuit  of  tube  was  switched  on 
resistor/resistance  R  and  sufficiently  large  inductance  L, .  Four 
cascades/stages  of  this  amplifier  gave  the  voltage  amplification, 
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equal  to  500  (i.e.  on  4.7  to  the  cascade/stage).  The  passband  of 
amplifier  was  from  10  kHz  to  50  MHz,  which  corresponded  to  the  cut-off 
frequency  of  one  cascade/stage,  equal  to  240  MHz.  (This  value  is 
somewhat  higher  than  the  cut-off  frequency  of  the  tube  because  the 
action  of  interelectrode  capacitances  is  partially  compensated  by  the 
action  of  the  inductance  of  filter). 

In  certain  cases,  for  increasing  the  mutual  conductance  of  tubes 
pulse  feed  is  used.  The  increase  of  anode  current  makes  it  possible 
to  obtain  the  large  amplitude  of  output  voltage  with  the  same 
resistor/resistance  of  plate  load.  The  schematics  of  such  amplifiers 
are  given  in  Fig.  9.33  and  9.34  [1783.  In  these  amplifiers  were 
utilized  tubes  6Zh22P  and  6V1P  with  mutual  conductance  in  the  usual 
mode  of  approximately  30  mA/V.  With  the  pulse  feed  of  tube  6Zh22P 
(£a  =  £,=  150  v,  voltage  on  the  space-charge  grid  is  150  V)  its 
transconductance  grew  to  80-90  mA/V.  With  the  pulse  feed  of  tube  6V1P 
(£a=1000  v,  £:,=800  V,  £>t  =  250  }/)  the  slope/transconductance  of  tube 
reached  100-120  mA/V.  In  both  cases  the  cutoff  voltage  of  tube  was 
5-6  V.  The  pulse  responses  of  tubes  6Zh22P  and  6V1P  are  given  in  Fig. 
9.35.  The  application  of  tubes  with  the  secondary  emission  is 
convenient  when  on  the  output  there  must  be  symmetrical  voltage;  in 
this  case  output  signal  is  removed/taken  from  anode  and  diode  of  tube. 

Page  497. 

Increase  in  anode  current  and  slope/transconductance  of  grid 
characteristic  made  it  possible  to  obtain  high  amplification  factor 
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with  diphenyl  chloride  low  resistance/resistors  of  load  (30-150  ohms) 
which  provided  required  broad-band  character  of  amplification. 


In  amplifier,  whose  schematic  is  given  in  Fig.  9.33, 
voltages/stresses  on  anodes  and  screen  grids  of  tubes  are  constant  and 
are  equal  to  450  V.  In  the  absence  of  voltage  on  the  space-charge 
grid  of  tube  6Zh22P  its  anode  current  is  virtually  equal  to  zero. 
Operating  conditions  of  tube  is  installed  by  supply  to  the 
space-charge  grid  of  positive  pulse  with  a  duration  of  0.6  us  and  with 
an  amplitude  of  150  V.  This  pulse  is  removed/taken  from  the  cathode 
follower  Lj.  With  the  opening  of  one  of  the  tubes  of  amplifier  on  its 
plate  load  there  is  isolated  negative  pulse  -  pedestal,  which 
corresponds  to  the  pulse  of  feed.  The  amplitude  of  pedestal  can  reach 
100  V. 
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Fig. .9.33.  First  amplifier  circuit  with  pulse  feed. 

Key:  (1).  V. 

Page  498. 

With  the  series  connection  of  several  amplifier  stages  the 
compensation  for  the  pedestal,  which  enters  together  with  the  signal 
the  grid  of  the  following  tube,  is  necessary.  Compensation  is 
realized  by  supply  from  the  adjustable  divider  of  the  part  of  the 
positive  voltage,  which  enters  the  space-charge  grid. 

Circuit  of  compensating  divider  with  resulting  value  of 
resistor/resistance  of  75  ohms  is  the  load  of  the  first  cascade/stage. 
The  output  stage  is  loaded  to  coaxial  cable  with  a  wave  impedance  of 
150  ohms.  Amplifier  has  a  factor  of  amplification  by  60  and  a  time  of 
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the  establishment  of  transient  response  3  ns.  Maximum  signal 
amplitude  at  the  output  is  50  V. 

In  the  second  amplifier  (Fig.  9.34)  the  circuit  of  divider  with 
cathode  follower  is  load  of  first  tube. 
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Fig.  9.34.  Second  amplifier  circuit  with  pulse  feed. 

Key:  (1).  kV.  (2).  V.  (3).  to  deflector  plates. 

Page  499. 

Simultaneously  this  circuit  fulfills  the  following  functions:  1) 
triggers  that  preliminarily  closed  on  control  electrode  of  tube  La;  2) 
compensate  the  negative  pedestal,  which  enters  from  the  anode  of  tube 
L x  the  grid  of  tube  L,?  3)  realize  a  selection  of  operating  point  on 
the  grid  of  tube  La  in  accordance  with  the  polarity  of  the  amplified 
signal . 


) 
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Fig.  9.35.  Pulse  responses  of  tubes  6V1P  and  6Zh22P. 
Keys  (1).  V. 


Fig.  9.36.  Amplifier  circuit  with  pulse  feed  as  an  attachment  to 

oscillograph. 

Key:  (1).  V. 

Page  500. 

The  equivalent  load  resistor/resistance  of  this  circuit  with  respect 
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to  the  tube  Lx  is  equal  to  100  ohms.  The  factor  of  amplification  of 
diagram  is  equal  to  150  with  the  maximum  voltage  160  V.  Amplifiers 
worked  stably  and  stably  at  the  pulse  repetition  rate  with  1  kHz. 

Amplifier  circuit  with  pulse  feed  on  tubes  6P15P  is  shown  in  Fig. 
9.36  [179].  One  amplifier  stage  on  this  tube  during  the  supplying  to 
its  grid  of  the  voltage  pulses  with  an  amplitude  of  800  V  with  £a=l  kv 
gives  amplification  factor  by  3.2,  allotting  on  the  load,  to  the  equal 
to  75  ohms,  pulses  with  the  amplitude  of  50  V.  The  time  of  the 
establishment  of  pulses  is  approximately  2  ns.  The  three-stage 
amplifier  given  in  the  figure  has  an  amplification  factor  equal  to  30, 
with  the  time  of  the  establishment  of  pulses,  which  does  not  exceed  3 
ns,  when  #u=r'>  ohm  the  amplitude  of  output  voltage  is  50  V,  but  when 
/?„=  no  ohm  amplitude  rises  to  90-100  V.  In  the  second  case  the 
amplification  factor  attains  55-60,  and  the  time  of  establishment 
increases  to  4  ns. 

Amplifiers,  intended  as  attachments  to  oscillographs,  were 
described  also  into  [180].  With  the  amplification  factor  by  10-15 
these  amplifiers  provided  output  voltage  into  several  hundred  volts  in 
the  band  to  200  MHz.  In  the  amplifiers  the  tubes  with  the 
space-charge  grid,  with  the  secondary  emission  in  the  pulsed  operation 
of  feed  were  utilized. 

Thus,  application  of  pulse  feed  of  tubes  with  large 
slope/transconductance  makes  it  possible  to  carry  out  necessary 
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undistorted  amplification  of  pulses  sufficiently  short  duration. 
Amplifier  circuits  with  the  pulse  feed  contain,  as  a  rule,  fewer  tubes 
than  the  amplifier  circuits  of  the  traveling  wave,  and  require  less 
than  the  power  from  power  supplies;  however,  one  overall  serious 
deficiency  is  inherent  in  these  diagrams:  they  cannot  work  at  the 
very  high  pulse  repetition  rate,  since  this  leads  to  th»  excessive 
boosting  of  the  mode  of  tubes. 
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CHAPTER  TEN. 

OSCILLOGRAPHY  OF  PULSES. 

10.1.  Specific  character  and  methods  of  oscillography  of  nanosecond 
pulses. 

Oscillography  of  nanosecond  pulses  has  series/row  of  specific 
moments  characteristic  for  general  problem  of  precise  measurement  of 
time  and  investigation  of  processes  of  very  short  duration.  The 
problem  of  the  investigation  of  single  short-term  processes  is  most 
difficult.  The  methods  of  the  solution  of  this  problem  are  examined 
by  the  so-called  temporary/time  microscopy  (high-speed/higfc-velocity 
oscillography,  super  high-speed  cinemotagraphy ,  optical  and 
electron-optic  chronography) . 

Time  microscopy  in  its  improvement  is  encountered  with  existence 
of  fundamental  limit  of  time  resolution,  which  under  practical 
conditions  for  analysis  of  single  processes  is  10" 14  s  [181].  The 
presence  of  the  limit  of  physical  time  resolution  corresponds  to  the 
known  quantum-mechanical  uncertainty  principle.  During  the 
investigation  of  the  periodically  repeating  short-term  processes  in  a 
number  of  cases  it  is  possible  to  achieve  the  higher  threshold  of  time 
resolution. 

In  the  case  of  high-speed/high-  velocity  oscillography  presence 
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of  limit  of  time  resolution  is  caused  mainly  by  fact  that  all  real 
systems,  intended  for  transmission  of  fast  signal  and  its  time  sweep, 
have  limited  passband  of  frequencies.  It  is  known  from  the  spectral 
analysis  that  for  the  system  with  the  frequency  of  transmission  Af  the 
time  resolution  cannot  be  better  than  At,  determined  by  the  ratio 
AfAt=const. 

Page  502. 

This  constraint  of  temporary/time  resolution  is  associated  with 
distortions  in  circuit  of  signal  of  oscillographs.  Furthermore  in  the 
oscillographs  of  nanosecond  range  occur  other  reasons  for  the 
limitation  of  resolution.  Supplementary  limitations  in  the 
resolution,  connected  with  the  difficulties  of  obtaining  the 
sufficiently  bright  image  on  the  screen/shield  of  oscilloscope  tube, 

( 

appear  with  the  oscillography  of  single  pulses.  During  recording  of 
periodic  pulses  in  connection  with  very  high  scanning  speeds,  in  turn, 
it  is  necessary  to  surmount  difficulty,  connected  with  obtaining  of 
the  high  stability  of  the  temporary  situation  of  pulse  on  tube  face. 

Oscillography  of  nanosecond  pulses  is  at  present  realized  by  two 
methods.  The  first  method  (high-speed/high-velocity  oscillography)  is 
used  already  long  ago  during  recording  of  single  very  short-term 
processes  of  [182],  Here  with  the  aid  of  the  wide-band  cathode-ray 
tube  of  low  sensitivity  and  high-speed  scanning  there  is  observed  the 
oscillogram  of  the  phenomenon  being  investigated. 

( 
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With  the  development  of  nanosecond  pulse  technology  high-  speed 
oscillographs  with  higher  sensitivity  with  wide  passband  were 
required.  The  application  of  new  oscilloscope  tubes  and  wideband 
amplifiers  became  necessary.  Since  it  was  necessary  to  record 
short-term  phenomena  both  single  and  periodically  repeating,  then  the 
need  for  the  development  of  high-speed  scannings  with  high  stability 
of  the  parameters  arose. 

With  oscillography  of  pulses  with  small  amplitudes  in  the  case  of 
application  for  this  of  amplifiers  of  circuit  of  signal,  it  is 
necessary  to  simultaneously  ensure  their  broad-band  character  with 
high  amplification  factor.  However,  the  greatest  broad-band  character 
is  usually  reached  by  the  value* of  gain  reduction.  Therefore  for 
observing  the  pulses  by  the  duration  of  the  order  of  nanosecond  are 
used  high-speed/high-velocity  oscillographs  without  the  amplifiers, 
but  the  using  special  oscilloscope  tubes  with  the  deflection  system  of 
the  type  of  the  traveling  wave  (TBV). 

Page  503. 

Such  tubes  are  sufficiently  wide-band  (to  3-5  GHz)  and  have  the 
increased  sensitivity  (from  0.5  V  to  0.05  V  to  the  line  of  ray/beam) . 
Recording  nanosecond  pulses  with  an  amplitude  less  than  0.1  V  with  the 
aid  of  the  high-speed/high-velocity  oscillographs  proves  to  be  still 
impossible  due  to  the  absence  of  qualitative  amplifiers.  In  these 
cases  another  method  of  oscillography  is  used. 
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Second  method  of  oscillography  of  nanosecond  pulses  is  based  on 
stroboscopic  principle  of  observation  of  periodic  processes  of  [183]. 
On  the  screen/shield  of  usual  oscilloscope  tube  is  here  observed  not 
most  process  being  investigated  directly,  but  its  image  formed  by  the 
individual  sections  (points)  of  its  oscillogram.  In  such 
oscillographs  with  the  aid  of  the  special  strobe  pulses  of  very  short 
duration  and  schematic  of  converter  periodically  are  examined/scanned 
the  individual  sections  of  the  pulse  being  investigated.  The  sections 
of  the  pulse  chosen  after  converter  are  expanded  and  through  the 
amplifier  enter  the  oscilloscope  tube,  where,  being  arranged/located 
in  the  specific  sequence  and  at  the  necessary  level,  the  image  of 
pulse  is  formed. 

Since  here  pulses  of  nanosecond  duration,  which  have  very  small 
amplitude,  first  are  converted,  and  then  only  after  expansion  are 
amplified,  then  passband  of  amplifier  can  be  narrow,  but  amplification 
factor  by  large.  As  a  result  the  sensitivity  of  stroboscopic 
oscillographs  proves  to  be  high  (to  1  mV/ cm)  with  a  sufficient 
effective  passband  of  instrument.  However,  stroboscopic  method  is 
applicable  to  the  investigations  of  periodic  processes,  but  it  does 
not  make  it  possible  to  record  single  pulses. 

As  is  evident,  both  methods  supplement  each  other,  expanding 
possibilities  of  oscillography  of  nanosecond  pulses. 
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10.2.  Special  features  of  high-speed  oscillography  Resolution. 

Block  diagram  of  oscillograph. 

Block  diagram  of  oscillograph  is  given  in  Fig.  10.1.  Scanning  of 
the  oscillograph  here  is  preliminarily  started,  and  then  enters  the 
pulse  being  investigated  directly  on  the  deflection  system  of  tube. 
Starting  system  provides  the  synchronization  of  the  moments/torques  of 
the  beginning  of  scanning/sweep,  illumination  of  the  ray/beam  of 
oscilloscope  tube  and  signal  arrival  from  the  calibrator.  During 
recording  of  single  pulses  appears  the  need  for  the  starting  of 
scanning  by  the  same  pulse  (input  key  in  position  2).  Pulse  supplies 
to  the  deflection  system  of  the  tube  through  the  cable  of  delay. 

Delay  factor  is  determined  by  triggering  time  of  the  trigger  circuit 
and  scanning/sweep. 

For  obtaining  of  high  temporary/time  resolution  in 
high-speed/high-velocity  oscillographs  are  utilized  transmission 
systems  of  pulses,  cathode-ray  tubes,  which  are  characterized  by  large 
broad-band  character,  and  scannings/sweeps,  characterized  by  high  rate 
and  high  stability  of  parameters. 

At  high  scanning  speed,  which  reaches  in  contemporary 
oscillographs  2*10l#  cm/s,  problem  of  synchronization  of  work  of 
separate  units  of  oscillograph,  which  especially  records  periodic 
pulses,  proves  to  be  fairly  complicated.  Thus,  the  requirements  of 
high  scanning  speed,  broad-band  character  of  the  circuit  of  signal  and 
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very  rigid  synchronization  of  the  work  of  units  are  characteristic  for 
the  high-speed/high-velocity  oscillographs. 
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Fig.  10.1.  Block  diagram  of  oscillograph:  1  -  trigger  circuit;  2  - 
sweep  oscillator;  3  -  diagram  of  illumination  of  ray/beam;  4  - 
calibrator;  5  -  cable  of  delay. 

Key:  (1).  the  input  pulse  of  synchronization.  (2).  input  of 

signal . 

Page  505. 

Graphic  beam  velocity. 

High  scanning  speed,  i.e.,  rate  of  displacement  of  electron  beam 
over  horizontal,  together  with  considerable  rate  of  change  in  value  of 
signal,  leads  to  very  high  graphic  rate. 

Graphic  beam  velocity,  understood  as  linear  velocity  of 
displacement  of  ray/beam  during  recording  of  process  being 
investigated,  in  this  case  can  reach  values,  close  to  speed  of  light. 

In  the  case  of  recording  harmonic  oscillation 


y  ---  A  sin  -r.ft\ 
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maximum  speed  of  change  in  value  y  is  determined  by  expression 

vu  waKc  =  I  2Ar.j . 

t—0 


Maximum  graphic  rate  °*  «aKC  is  estimated  by  the  expression  which 
considers  also  horizontal  speed  (scanning  speed) 

vr  Mai;c  —  y  V  4-  v' 

r  X  \  y  MaKC 

Recording  (under  condition  of  sufficient  intensity  of  the  glow  of 
tube  face)  oscillations  with  frequency  of  more  than  3000  MHz  is 
possible  at  the  above- indicated  scanning  speed.  If  in  this  case  the 
amplitude  of  oscillations  on  the  screen/shield  is  more  than  1  cm,  then 
the  graphic  r^te  is  close  to  the  speed  of  light. 

In  the  case  of  recording  video  pulse  graphic  rate  is  determined 
by  expression 

vr  =  V  *£+«£• 

where  v*  and  vv—  respectively  rate  of  displacement  of  ray/beam  over 
horizontal  and  vertical  axes. 

This  expression  it  is  possible  to  record  in  more  detail,  if  we 
obtain  value  for  rate  vy. 

Page  506. 

Let  a  -  sensitivity  of  cathode-ray  tube 
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where  Ay  -  path,  passed  by  ray/beam  in  direction  of  y  axis  with  change 
in  voltage  of  pulse  on  value 


Then  for  rate  v *  we  obtain 


—  — 
u~  it  T/ 


v 


If  At**0,  then  relation  represents  differential  value  of 

slope/transconductance  of  building-up  at  the  particular  point  (at 
the  given  instant  on  the  tube  face.  Then  rate  will  be 

Vy  —  35jj, 


Graphic  rate  in  the  case  of  recording  video  pulse  will  be 
expressed 


Maximum  graphic  rate  will  occur  at  points,  which  correspond  to 
front  and  shear/section  of  recorded  pulse,  when  slope/transconductance 
reaches  maximum. 

However,  due  to  insufficient  broad-band  character  of  deflection 
system  it  is  necessary  to  consider  time  of  establishment  of  transient 
processes  in  it.  This  reduces  graphic  rate  and,  consequently,  also 
the  resolution  of  oscillograph.  Knowing  the  slope/transconductance  of 
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the  transient  response  of  the  circuit  of  signal  ST,  let  us  find 
impulse  steepness  on  the  screen/shield  of  oscilloscope  tube  Snux’ 
the  slope/transconductance  of  the  pulse  SB  being  investigated* 

Page  507. 

Using  the  known  relationship/ratio  between  the  slope/transconductance 
of  input  and  output  pulses  for  linear  system  [184] 

Sa“*W=  f  Sk(VSt  (/  —  ()&' 

6 

we  will  obtain  for ‘the  actual  value  of  graphic  rate  the  expression 

vr  —  K  +  32  (J  Su  ft  6't  (l  —  ’)  l11-*- l) 

I) 

where  Su  and  S*  they  are  examined  for  current  time 

here  t  -  time,  for  which  is  determined  the  value  of  graphic  rate. 

Increase  in  recording  speed  is  conjugated/combined  with  sharp 
reduction  in  the  brightness  of  glow  of  tube  face.  During  recording  of 
the  intermittent  processes  it  is  necessary  to  use  measures  for  an 
increase  in  image  brightness  due  to  an  increase  in  accelerating 
voltage  in  the  cathode-ray  tube.  However,  from  an  increase  in 
accelerating  voltage  considerably  falls  the  sensitivity  of  tube, 
which,  in  turn,  requires  the  appropriate  increase  in  the  voltage  of 
signal  and  scanning/sweep.  To  a  certain  extent  to  an  improvement  in 
the  sensitivity  contributes  the  application  in  the  tubes  of 
supplementary  accelerating  voltage,  which  affects  the  electron  beam 
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after  it  will  pass  the  deflection  system  (postacceleration).  Tubes 
with  the  system  of  postacceleration  give  the  possibility  to  record 
periodic  pulses  with  the  duration  of  the  order  of  nanosecond  at  a 
small  repetition* frequency  and  single  -  with  the  increased  voltage  of 
postacceleration. 

Passband  of  the  circuit  of  signal. 

Graphic  beam  velocity  and  resolution  of  oscillograph,  as  noted, 
are  limited  to  insufficient  broad-band  character  of  circuit  of  signal. 
If  we  in  the  oscillograph  use  tubes  with  the  usual  deflection  systems 
in  the  form  of  plates,  then  for  an  increase  in  the  broad-band 
character  the  dimensions  of  the  plates,  and  also  capacitance  value  and 
inductance  of  introductions/inputs  must  be  lowered  to  the  minimum. 

The  equivalent  circuit,  which  corresponds  to  the  deflection  system  of 
usual  type  tube,  is  given  in  Fig.  10.2.,  Here  R  is  the  total  external 
resistance,  including  the  sweep  oscillator. 


) 


DOC  -  88076729 


PAGE 

Page  508. 

If  to  the  deflector  plates  there  is  fed  pulse  in  the  form  of  a  drop  in 
the  voltage  with  an  amplitude  of  U,  then  voltage  on  the  plates  can  be 
represented  in  the  following  form  (with  R<2 p,  where  p  -  circuit 
characteristic  impedance): 

u  =  U  ^1  —  e"*1  sin  it  -j-cosS  /  jj, 

where  a=R/2L  and  ?,  =  (1/LC'  —  R74L’)1'*. 

In  practical  cases  value  R  is  selected  by  such  that  voltage  on 
deflector  plates  would  have  shortest  rise  time  without  noticeable 
overshoots  at  pulse  apex  in  comparison  with  input  pulse.  This 
condition  satisfies  ratio  a/6=l,  in  this  case  the  overshoot  comprises 
not  more  than  4%  [3].  For  the  resistance  we  have 

R  — 

Using  the  expression  for  frequencies  in  this  circuit,  let  us 
record  that  resistance 


R =: 


1 _ _ 0.22 


Cf.  f„C 


(10.2) 


This  relation  makes  it  possible  to  determine  value  of 
resistor/resistance  R  at  known  capacitance  C  and  frequency  f0,  found 
for  the  specific  cathode-ray  tube.  Using  the  selected  attenuation 
length,  it  is  possible  to  find  the  voltage  on  the  plates 


u  =  U[ I  —  c  ,/RC(cos///?C-j-sin  t/RC)}, 
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since  the  equality 

a  —  8  =  RJ2L  •-=  \/RC 

is  fulfilled  in  this  case#At  the  moment/torque,  when  u=U  occurs  the 
relationship/ratio 

cos  t/RC  -f-  sin  t[RC  =  0 


and,  therefore, 


t  ??  RC  =  2,'iRC.  (10.3) 


Page  509. 

Thus,  it  is  possible  to  rale/estimate  duration  of  pulse  edge  on 
tube  face,  which  depends  on  parameter  of  circuit  of  deflection  system. 

Even  in  the  case,  when  tube  has  outputs  of  deflection  system, 
installed  directly  into  glass  of  flask/bulb  (which  reduces  parasitic 
parameters),  passband  of  deflection  system  is  limited  by  frequency  on 
the  order  of  150-200  MHz.  The  deflection  system,  made  in  the  form  of 
the  simplest  line  of  transmission  is  wider-band  (Fig.  10.3). 

Investigated  pulse  through  cable  with  matched  load  is 
fed/conducted  from  the  input  side  to  line,  and  on  the  other  side  line 
it  is  closed  on  the  effective  resistance,  equal  to  line 
characteristic.  This  deflection  system  have  tubes  of  the  type 
13L0101M,  10L0101M,  which  found  use  in  high-  speed/high-velocity 
oscillographs  [185,  186].  With  a  good  agreement  of  the  deflection 
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system  with  the  load  its  passband  proves  to  be  about  1000  MHz. 

Wider-band  is  coaxial  type  deflection  system  (Fig.  10.4)  [187]. 

In  the  external  conductor  of  line  is  opening/aperture,  also,  above  it 
a  comparatively  narrow  cross  connection.  Between  this  cross 
connection  and  opening/aperture  in  the  external  conductor  is  passed 
the  electron  beam,  on  which  there  acts  the  field  of  signal.  The  cable 
is  connected  at  the  input  and  output  of  the  line.  The  end/lead  of  the 
output  cable  is  loaded  to  the  effective  resistance,  equal  to  the  wave 
impedance  of  cable. 
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Fig.  10.2.  Fig.  10.3. 

Fig.  10.2.  Equivalent  schematic  of  condenser/capacitor  type  simplest 
deflection  system. 

Fig.  10.3.  Deflection  system  in  the  form  of  two-wire  circuit. 

Key:  (1).  Input. 

Page  510. 

This  design  is  advisable  with  the  oscillography  of  the  high-  voltage 
pulses,  when  the  low  sensitivity  of  system  is  necessary.  Broad-band 
character  is  here  limited  to  a  certain  heterogeneity  of  the  field  of 
coaxial  system  in  the  area  of  opening/aperture,  and  also  to  possible 
reflections  at  junction  of  cable,  which  supplies  pulse,  with  the 
deflection  system.  The  passband  of  entire  system  can  reach  several 
gigahertz. 

Widest-band  deflection  system  for  high-voltage  oscillographs  can 
be  system,  formed  by  coaxial  cable  (Fig.  10.5).  Here  the  coaxial 
cable,  which  supplies  the  pulse,  is  simultaneously  the  coaxial 
deflection  system.  For  this  it  passes  through  the  special 
opening/aperture  to  the  neck  of  oscilloscope  tube.  In  the  center 
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section  of  the  tube  the  external  conductor  of  cable  has 
opening/aperture  and  metallic  cross  connection  above  it.  Cross 
connection  is  arranged/located  within  the  tube,  but  has  contact  with 
the  external  conductor  of  cable.  As  in  the  preceding/previous  system 
electron  beam  is  passed  under  the  cross  connection  above  the 
opening/aperture  to  the  external  conductor  of  cable.  The  broad-band 
character  of  this  system,  apparently,  can  be  close  to  10  GHz,  since 
heterogeneities  at  the  input  of  the  system  are  here  excluded. 


In  oscillographs  of  increased  sensitivity  are  utilized 
cathode-ray  tubes  with  deflection  system  of  type  of  traveling  wave 
(TBV) . 
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Fig.  10.4.  Fig.  10.5. 

Fig.  10.4.  Coaxial  type  deflection  system. 

Key:  (1).  Electron  beam. 

Fig.  10.5.  Deflection  system  with  coaxial  cable:  1  -  flask;  2 
external  conductor;  3  -  cross  connection;  4-  electron  beam;  5  - 
internal  conductor. 


Page  511. 

In  this  system  (Fig.  10.6)  the  electron  beam  is  passed  between  the 
grounded  plate  and  the  deflecting  element,  as  which  is  utilized  the 
spiral,  prepared  from  the  metallic  tape  and  which  has  the  semicircular 
form  (with  the  flat/plane  side).  Spiral  is  surrounded  by  the 
screen/shield  of  the  same  form,  the  flat/plane  side  of  screen/shield 
playing  the  role  of  the  grounded  plate.  Spiral  has  constant  width, 
the  distance  between  the  spiral  and  the  screen/shield  is  also 
constant;  this  deflection  system  operates  as  the  line  of  distributed 
type  transmission.  The  sizes/dimensions  of  spiral  are  selected  by 
such,  that  the  phase  signal  velocity  along  its  axis  is  equal  to  the 
rate  of  electron  beam  and  remains  constant. 
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In  high-speed/high-velocity  oscillographs  widely  is  used  Soviet 
tube  of  type  13L0102M,  bandwidth  of  which  is  more  than  3  GHz  [186]. 

The  broad-band  character  of  system  of  TBV  is  limited  to  the  dispersive 
properties  of  helix  and  to  the  heterogeneities  of  transit  ion/ junction 
from  the  spiral  to  coaxial  cable. 

For  increasing  the  sensitivity  of  tubes  of  such  type  double-helix 
systems  [188]  are  utilized.  The  signal  through  the  wide-band  phase 
splitter  (phase  inverter)  being  investigated  in  the  antiphase  is 
supplied  simultaneously  to  two  identical  deflection  systems  of  the 
type  of  the  traveling  wave.  As  a  result  of  paraphase  divergence  the 
sensitivity  of  tube  grows/rises  two  times.  These  tubes  have  a 
sensitivity  to  0.03  V  to  the  line. 

In  wide-band  oscilloscope  tubes  with  deflection  system  of  coaxial 
type  and  TBV  resulting  passband  of  circuit  of  signal  affect 
heterogeneities  of  circuit. 


) 
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Fig.  10.6.  Deflection  system  of  type  of  traveling  wave:  1  -  plate  of 
screen/shield;  2  -  strip/tape  spiral;  3  -  coaxial  output. 

Key:  (1).  Electron  beam.  (2).  input.  (3).  output. 


Page  512. 


These  heterogeneities  occur  in  coaxial  pairs  and  in  the  places  of 
transition/ junction  from  the  helix  to  the  coaxial  (for  TBV ) .  As  it 
was  noted  in  chapter  1  and  2,  in  the  presence  of  heterogeneity  in  the 
line  is  created  a  certain  reactance,  which  limits  the  broad-band 
character  of  system,  which  causes  the  distortion  of  the  pulses  being 
investigated.  In  connection  with  this  important  value  the 
construction/design  and  the  quality  of  the  execution  of  coaxial  pairs 
have  at  the  input  of  the  deflection  system  of  tube.  The  difficulty  of 
obtaining  qualitative  coaxial  pairs  usually  appears  at  frequencies  of 
3-5  GHz. 


Deflection  systems  of  coaxial  type  and  TBV  must  be  coordinated  on 
wave  impedance  with  their  termination.  Poor  agreement  also  leads  to 
the  distortion  of  the  signal  being  investigated.  These  distortions 
are  noticeable  with  the  oscillography  of  comparatively  long  pulses  and 
especially  during  the  investigation  of  stationary  processes  (for 
example,  oscillations  of  SBCh). 
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With  the  oscillography  of  very  short-term  pulses  with  use  of  very 
high  speed  scannings/sweeps  signals  reflected  from  load  can  appear 
after  termination  of  pulse  being  investigated,  without  having 
distorted  its  form,  or  prove  to  be  entirely  out  of  interval  of 
scanning/sweep.  Therefore  to  rate/estimate  the  broad-band  character 
of  such  tubes  with  the  aid  of  the  frequency  characteristics  of  the 
deflection  systems,  taken/removed  under  the  conditions  of  steady 
state,  is  inexpedient.  This  evaluation/estimate  must  be  conducted 
according  to  the  pulse  transient  responses,  takert/removed  with  the  aid 
of  the  very  short-term  sounding  pulses  (see  Chapter  11). 

Resulting  broad-band  character  of  circuit  of  signal  is  determined 
not  only  passband  of  deflection  system  of  tube,  but  also  by  broad-band 
character  of  cable,  which  supplies  pulse  being  investigated.  In  a 
number  of  cases  the  length  of  this  cable  proves  to  be  considerable. 

In  the  oscillographs,  intended  foi  recording  the  single  pulses,  the 
onset  of  which  cannot  be  synchronized  since  the  beginning  of  the 
starting/launching  of  sweep  oscillator,  it  is  necessary  to  use  the 
cable  of  delay  (Fig.  10.1).  The  length  of  the  cable  segment  in  this 
case  reaches  several  ten  meters. 

Page  51.7. 

In  Chapter  1  the  transient  and  frequency  characteristics  of  coaxial 
cable  are  examined.  On  them  it  is  possible  to  rate/estimate  the 
broad-band  character  of  the  segment  of  the  cable  of  the  assigned 
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length  and  to  determine  the  time  of  the  establishment  of  transient 
processes  in  it. 

Effect  of  the  electron  transit  time. 

Second  reason  for  distortion  of  form  of  pulse  being  investigated 
and  limitation  of  resolution  of  high-speed/high-velocity  oscillograph 
is  transit  time  effect  of  electrons  in  field  of  deflection  system  of 
tube. 


If  it  is  electronic  during  electron  transit  time  along  deflector 
plates  of  usual  -  beam/radiation  tube  voltage  on  plates  substantially 
changes,  then  phenomenon  being  investigated  will  be  distorted  on  tube 
face.  With  the  oscillography  of  the  pulses,  which  have  the  duration 
of  the  order  of  several  nanoseconds,  the  deflecting  voltage  on  the 
plates- changes  for  the  time  of  lC’-lO'10  s.  In  the  usual  cathode-ray 
tubes,  used  in  the  oscillographs  for  the  investigation  of  microsecond 
pulses,  the  electron  transit  time  through  the  deflection  system  is 
10'*-10'*  s.  Consequently,  such  cathode-ray  tubes  cannot  reproduce 
the  pulses  of  nanosecond  range  without  distortions. 

Let  us  examine  the  character  of  distortion  of  sine  voltage  of 
high  frequency,  caused  by  effect  of  electron  transit  time.  For  the 
electron  in  the  uniform  field  of  the  plates  of  the  deflection  system 
(Fig.  10.7)  occurs  the  equation 
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where  m,  e  -  mass  and  electron  charge; 
a  -  distance  between  the  plates. 
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Fig.  10.7.  Graph  of  displacement  of  the  beam  by  deflector  plates. 
Page  514. 


Then  for  the  rate  at  which  there  are  deflected  electrons  under 
the  action  of  field  u/a,  where  u  -  voltage  on  deflector  plates,  we 
obtain  expression 


f di, 
Jt  J  ‘im 


(10.4, 


where  /n  -  electron  transit  time  through  deflection  system. 


With  small  divergences  of  electrons,  replacing  tangent  of  angle 
of  deflection  of  ray/beam  directly  with  value  of  angle  itself,  we  will 
obtain  following  expression  for  amount  of  deflection: 


U 


di. 


(10.5) 


where  v,  -  longitudinal  velocity  of  electron,  determined  by  value  of 
accelerating  voltage  of  cathode-ray  tube. 


With  sinusoidal  deflecting  voltage  u*U  sin  wt  expression  (10.5) 
takes  form  [182,  184] 
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?o  —  ZV  sin  «>  \i  + 

sin-j- 

<*t„  2 

(10.6) 


where  a  -  coefficient,  which  determines  static  sensibility  of 
cathode-ray  tube,  which  is  equal  to 

J  >  » 
mav0 


here  /„  -  length  of  deflector  plates. 

The  relation  which  stands  in  brackets  (10.6),  depends  on 
frequency  of  recorded  vibrations,  sizes/dimensions  of  plates  and  rate 
of  electrons  = 

in 

Page  515. 

It  determines  the  degree  of  the  distortion  of  the  amplitude  of  the 
recorded  oscillations  under  the  given  conditions.  Therefore  let  us 
introduce  the  value  of  the  dynamic  sensitiveness 

f.. 

s»n  o)  ,f 

Y-  d°-7) 

With  values  -2nr.  (where  n  -  whole  number)  dynamic 
sensitiveness  of  oscillograph  is  equal  to  zero,  while  at  frequencies 

2  n  —  I 
/  '  -r. 

it  reaches  maximums.  In  addition  to  this,  as  can  be  seen  from  (10.6), 
appears  supplementary  phase  displacement  to  value  mU 2.  A s  a  result 
amplitude  and  phase  distortions  appear.  In  other  words,  the 
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limitation  of  the  effective  passband  of  the  circuit  of  the  signal  of 
oscillograph  occurs  due  to  the  effect  of  the  electron  transit  time. 
If  we  count  off  passband  at  level  3  dB,  then  from  (10.7)  we  will 
obtain 


whence  for  the  passband  we  have 


A/--  (10.8) 

‘li 

If  deflecting  voltage  takes  form  of  ideal  drop/ jump  with 
amplitude  of  U,  then  formula  (10.5)  of  signs  form 

mal,  -3 U (10.9) 

i.e.,  beam  deflection  grows/rises  in  the  course  of  time  and  pulse  edge 
is  linearly  made  by  flat.  At  the  moment  of  time  t  =  t,„  when  electrons 
emerge  from  space  between  the  deflector  plates,  their  divergence  is 
equal 

but  the  time  of  drop  is  final  and  is  equal  to  /„  (Fig.  10.8). 

Page  516. 

If  voltage,  subject  on  plates,  linearly  increase,  i.e., 

U(t)^kt, 

the  beam  deflection  is  proportional 


i 
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where  0</</D. 

Character  of  distortion  of  form  of  voltage  in  this  case  is  shown 
on  Fig.  10.9.  Of  up  to  moment  t'  the  voltage  increases  according  to 
the  parabolic  law,  and  then  changes  according  to  the  linear, 
corresponding  law  of  a  change  in  the  subject  to  the  plates  of  sweep 
voltage.  The  value  of  error  in  the  beam  deflection  is  proportional  to 
rate  of  voltage  rise.  At  the  moment  of  the  output  of  electrons  from 
the  space  between  the  deflector  plates  a  difference  in  the  assigned 
and  recorded  voltage  will  be  equal  to  ak/2. 


) 
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Fig.  10.8.  Fig.  10.9. 

Fig.  10.8.  Ideal  drop  in  voltage  (a)  and  caused  by  it  displacement  of 
the  beam  taking  into  account  the  effect  of  electron  transit  time  (b) . 
Fig.  10.9.  Distortions  of  linearly  increasing  voltage:  1  -  voltage 
on  input;  2  -  recorded  voltage  taking  into  account  effect  of  electron 
transit  time;  3  -  recorded  voltage  taking  into  account  limitation  of 
passband  of  deflection  system  and  effect  of  electron  transit  time. 


Page  517. 

With  an  increase  in  the  accelerating  voltage  used  in  the  cathode- 
ray  tube,  there  increases  longitudinal  velocity  of  electrons  in  beam 
u«,  and,  consequently,  electron  transit  time  t„  decreases. Thus ,  with 
an  increase  in  accelerating  voltage  increases  the  frequency  of  the 
vibrations,  recorded  with  error  a, ,/a.  If  at  the  input  of  usual  type 
deflection  system  operates  the  linearly  changing  voltage 

«=0(npn  t  <0 

Keys  (1).  with. 


and 
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u  =  kt  npii  /  >  0, 

Key:  (1).  with. 

that,  using  the  equivalent  circuit  diagram  of  the  deflection  system  of 
tube  (Fig.  10.2),  it  is  possible  to  obtain  the  following  expression 
for  the  voltage,  which  operates  on  the  deflector  plates: 

u  =  k  p  —  RC  4-  e-a/  sin  It  +  RC  cos  ?/)  j . 

If  value  R  is  selected  close  to  critical  resistor/resistance, 
then  the  expression  for  voltage  takes  form 

u^k\t-RC(\ -c-'/Kt'cos///?C)].  (10.11) 

In  order  to  consider  action  of  transit  time  effect  of  electrons 
through  deflection  system,  it  is  necessary  to  use  expression  (10.5). 
After  substituting  value  of  u  from  expression  (10.11)  into  formula 
(10.5)  and  after  producing  integration,  we  will  obtain  for  diverging 
the  electron  beam 


*. = &  f  t-  Ra + (sin  k  -  c»s  “rc)  ];■■ 

Form  of  voltage  on  screen/shield  of  oscilloscope  tube  for  the 
present  instance  is  depicted  as  curve  3  in  Fig.  10.9. 

For  decreasing  the  electron  transit  time  in  tubes  with  usual 
deflection  systems  are  used  plates  of  small  length  and  high  rate  of 
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electron  motion  (accelerating  voltage  several  kilovolts).  In  this 
case  simultaneously  grows/rises  the  broad-band  character  of  tube  due 
to  the  decrease  of  the  capacity/capacitance  of  plates  and  decrease  of 
the  inductance  of  the  introduct ions/ inputs ,  which  are 
derived/concluded  through  the  glass  of  flask/bulb. 

Page  518. 

The  sensitivity  of  such  tubes  is  small.  This  deficiency  to  the 
certain  degree  is  removed  due  to  the  decrease  of  the  diameter  of 
electron  beam  to  such  size/dimension,  that  on  tube  face  is  obtained 
the  spot  by  the  width  only  about  0.01  mm  [189].  The  image  of  the 
oscillogram  on  the  screen/shield  proves  to  be  very  small  and  it  is 
necessary  to  examine  it  with  the  aid  of  the  special  microscope. 

In  oscilloscope  tubes  with  coaxial  deflection  system  of  low 
sensitivity  electron  transit  time  is  determined  by  width  of  cross 
connection  (Fig.  10.4)  and  by  velocity  of  electrons.  Time  of  flight 
here  decreases  to  the  value  of  0.05-0.01  ns  by  applying  of  high 
accelerating  voltages  and  decrease  of  sizes  of  the  powered  phases  of 
the  deflection  systems. 

In  oscilloscope  tubes  of  type  of  traveling  wave  dynamic 
sensitiveness  is  determined  by  expression  [186] 


3d  —  3 


(10.12) 
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where  a  -  static  sensibility,  /  -  length  of  circuit,  u*  -  velocity  of 
electrons,  e*  -  phase  signal  velocity  in  circuit.  Under  condition 
co  =  t\i>  this  sensitivity  is  maximum  and  does  not  depend  on  frequency. 
However,  the  real  circuits  have  a  dispersion  and  therefore  condition 
i>o  =  y<t>  can  be  made  only  at  one  frequency  w..  At  other  frequencies  the 
sensitivity  a,i  is  somewhat  lower,  i.e.,  the  action  of  the  effect  of 
the  flight  of  the  electrons  is  developed,  and,  true,  here  it  is  many 
times  less  than  in  the  standard  tubes. 

Therefore,  for  tubes  of  TBV  important  is  the  selection  of  such 
accelerating  voltage  when  the  condition  =  is  satisfied  at  that 
frequency,  at  which  passband  of  tube  proves  to  be  greatest. 

Page  519. 

The  broad-band  character  of  system  TBV,  determined  by  the  effect  of 
the  flight/span  of  electrons,  is  evaluated  according  to  cut-off 

frequency  at  which  3(, (<urj,)= 0,707,  and  the  time  of  establishment  is 

*>  ') 

approximately  equal  to  ~  Ui'  •  Thus,  knowing  the  dispersive 
characteristic  of  circuit  v„ ,(«>)  and  using  formula  (10.12),  it  is 
possible  to  find  «>n,  and  then  rY. 

Resolution  of  oscillograph  and  minimally  permissible  duration  of  the 
pulse  being  investigated. 

If  we  are  not  concerned  about  distortions  in  circuit  of  signal, 
then  the  time  resolution  of  oscillograph  can  be  determined  through 
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scanning  speed  c\  and  width  of  line  of  electron  beam  on  screen/shield 
d: 


A/, 


This  potential  temporary/time  resolution  with  contemporary 
cathode-ray  tubes  with  high-quality  focusing  systems,  which  make  it 
possible  to  obtain  beam  width  d  of  less  than  0.1  mm,  and  at  scanning 
speed,  close  to  speed  of  light,  proves  to  be  order  10'12-10'13  s. 
However,  with  the  oscillography  of  the  repeating  pulses,  the  observed 
on  the  screen/shield  (dynamic)  beam  width  is  determined  not  only  by 
the  construction/design  of  cathode-ray  tube  and  by  the  quality  of  the 
focusing  system.  At  scanning  speeds,  close  to  the  speed  of  light, 
even  the  very  small  temporary/time  instability  of  the  oscillograms  of 
the  repeating  pulses  leads  to  a  considerable  increase  in  the  width  of 
the  line  of  ray/beam  on  the  screen/shield  (chattering  of  image)  [190, 
191]. 


If  temporary /time  instability  of  scanning/sweep  is  equal  to  Ata, 
then  dynamic  beam  width  on  screen/shield,  expressed  in  units  of  time, 
will  be 

A/,,  =  A/,  +  A/.. 

Furthermore,  most  important  reason,  which  decreases 
f  temporary /time  resolution  of  oscillograph,  is  finite  time  of 

establishment  of  transient  processes  in  circuit  of  signal  of 
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oscillograph. 

Page  520. 

In  the  general  case  it  is  possible  to  rate/estimate  the  resulting  time 
of  the  establishment  of  the  circuit  of  the  signal  of 
high-speed/high-velocity  oscillograph  if  known  the  time  of 
establishment  in  coaxial  cable,  which  supplies  the  pulse  /> i.  being 
investigated  the  time  of  the  establishment  of  voltage  in  the 
deflection  system  of  oscilloscope  tube  tv2  and  the  electron  transit 
time  in  the  field  of  deflection  system  tn.  since  all  enumerated  factors 
affect  the  period  of  establishment  in  the  circuit  of  signal 
independently,  the  resulting  time  of  establishment  can  be  evaluated  by 
the  expression 

Knowing  time  of  establishment  of  circuit  of  signal  and  dynamic 
beam  width,  it  is  possible  to  rate/estimate  minimum  duration  of  image 
of  pulse  on  oscilloscope  face.  Thus,  in  the  case  of  the  oscillography 
of  square  pulse  with  the  gradual  decrease  of  its  duration  the  form  of 
the  obtained  on  the  screen/shield  image  will  increasingly  more  differ 
from  rectangular,  approaching  a  pulse  of  the  type  front  -  through,  to 
close  one  in  the  form  to  the  triangular.  The  duration  of  this  pulse, 
measured  at  the  level  of  half  of  its  amplitude  and  equal  to 

u=t1  +  u„,  o013) 

can  characterize  the  resolution  of  oscillograph. 
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For  increasing  time  resolution,  thus,  it  is  necessary  to  decrease 
time  of  establishment  of  transient  processes  of  circuit  of  signal  ty 
and  to  raise  stability  of  scanning/sweep,  i.e.,  to  decrease  At*. 

For  decreasing  time  of  establishment  ty  it  is  necessary  to 
utilize  small  sections/segments  of  most  adequate/approaching  coaxial 
cables  (see  Chapter  1),  to  use  oscilloscope  tubes  with  very  wide-band 
deflection  systems  (coaxial  type  and  TBV)  and  with  minimum  electron 
transit  time.  The  time  of  establishment  ty  in  the  cable  with  a  length 
of  1  m  can  be  0.02  ns.  Coaxial  type  widest-band  deflection  systems 
and  best  samples  of  systems  of  TBV  have  the  time  of  establishment  of 
0.025-0.08  ns.  The  electron  transit  time  succeeds  in  decreasing  to 
0.05-0.02  ns. 

Page  521. 

The  value  of  the  instability  of  the  channel  of  scanning/sweep  At*  in 
the  developed  very  high  speed  oscillographs  is  reduced  to  >;he  value  of 
0.015  ns  [187,  191].  Therefore  in  the  best  cases  value  At  proves  to 
be  approximately  equal  to  0.06  ns. 

With  oscillography  of  single  pulses  is  eliminated  need  for 
considering  instability  of  scanning/sweep,  i.e.,  At,-0  and  therefore 
A/.,  =  A/|  =  10  4  ns.  However,  in  this  case  in  the  circuit  of  signal 
usually  it  is  necessary  to  use  the  cable  of  delay  with  a  length  of  10 
m  and  more.  Therefore,  value  <yt  proves  to  be  more  than  0.15  ns  that 
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the  resolution  of  oscillograph  is  decreased. 

Evaluation/estimate  of  minimum  permissible  duration  of  pulse, 
which  can  be  reproduced  on  oscillograph  with  accuracy  assigned  in 
duration  is  of  interest.  Due  to  finite  time  of  the  establishment  of 
the  circuit  of  signal  the  duration  of  the  front  of  the  signal  being 
investigated,  which  has  at  the  input  duration  4i,  increases  by  value 

~  V 

For  right-angled  pulse  tM  —  0  and  A4—  4.  Total  increment  in  the 
duration  of  square  pulse  t„  is  equal  to  A/u—  A/  =  /y-j-A4-  If  the 
permissible  error  in  the  reproduction  of  pulse  in  the  duration  v , 
expressed  in  the  percentages  is  assigned,  then 


Permissible  minimum  duration  of  square  pulse,  reproduced  by 
oscillograph  with  accuracy  in  duration  v 

4  100 


hence  there  is  determined- 

Consequently,  an  increase  in  the  time  resolution  of  high-speed 
oscillographs  is  connected  not  only  with  expansion  of  passband  of 
circuit  of  signal,  but  also  with  increase  in  stability  of  functioning 
electronic  circuits  of  channel  df  scanning/sweep. 
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During  development  of  high-speed/high-velocity  oscillographs 
selection  of  type  of  cathode-ray  tube  and  minimum  sweep  length  is 
determined  by  assigned  temporary/time  resolution  and  sensitivity  of 
oscillograph.  However,  if  it  turned  out  that  the  tube  was  given  and 
the  bandwidth  of  its  deflection  system  was  known,  then  it  remains  to 
select  optimum  scanning  speed.  This  rate  must  ensure  the  best  time 
resolution  and  not  be  excessive  with  large.  Actually,  if  known  is  the 
value  of  the  time  of  the  establishment  of  the  circuit  of  signal  ty  and 
the  width  of  the  line  of  ray/beam  on  the  temporary/time  scale  Atx, 
i.e.,  is  given  A/  =  /y+A/i,  then  it  is  expedient  to  select  scanning  speed 
up=//A<.  This  rate  must  be  such  that  the  interval  of  time  At  would' 
correspond  on  the  screen/shield  to  the  length  l,  sufficient  for  the 
clear  observation  and  recording  the  pulse.  Higher  scanning  speed  only 
will  complicate  it  will  only  complicate  obtaining  the  stable  work  of 
diagram. 

10.3.  OSCILLATORS  OF  HIGH-SPEED  SCANNINGS. 

Fundamental  requirements  and  characteristics. 

For  oscillography  of  pulses  with  duration  from  0.1  ns  to  tens  of 
nanoseconds  are  required  scannings/sweeps  with  duration  from  one  to 
hundreds  of  nanoseconds.  Depending  on  the  sensitivity  of  tube  rate  of 
change  of  sweep  voltage  must  be  from  10*  to  10* *  v/s. 

For  obtaining  high-speed  scannings  there  are  utilized  a  linear 


« v  *v, 
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generator  analogous  to  sweep  oscillators  of  microsecond  range,  and 
specific  oscillator  circuits  of  nanosecond  scannings/sweeps. 

Sweep  oscillators  are  characterized  by  following  parameters: 

-  with  value  of  working  drop  in  voltage  up; 

-  with  sweep  length  7P; 

-  with  duration  of  sweep  retrace  (recovery  time)  Tu; 


-  by  percentage  distortion 


_ I  u'  (0  Inane  —  I  H'  (0  !»«" 

7—  {«'(/)  |  m  a  if  e  * 


(10.14) 


where  = 
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If  for  the  sweep  voltage  there  is  utilized  the  initial  section  of 
charge  or  capacitor  discharge  through  the  effective  resistance,  then 


_  /  M - /  _  ,l  I' 

T  — ■  7  ^  r  * 

i  II  *-*  Ml 


(10.15) 


where  -  the  steady-state  value  of  voltage  across  capacitor; 

I u  and  /„  -  initial  and  finite  quantity  of  the  current  of  the 
charge  (or  discharge)  of  capacitor; 

-  by  effectiveness  of  sweep  oscillator,  evaluated  by  the  voltage 
efficiency,  i.e.,  by  the  attitude  of  operating  voltage  to  supply 
voltage  E: 


(10. 1G) 


-  with  the  delay  time  of  the  starting/launching  of  the  oscillator 


«*=•  :•*-*»*.**  V-t-tfi#.-- 1  IV 1 
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of  the  waiting  scanning/sweep  t,; 

-by  stability  of  the  delay  time  of  the  starting/launching  of 
sweep  oscillator  dt,/t,. 

At  maximum  speeds  of  scanning/sweep  causes  difficulty,  both 
obtaining  given  speed  and  guaranteeing  of  proper  linearity  and 
stability  of  scanning/sweep.  If  in  the  sweep  oscillator  the  diagram 
of  charge  or  discharge  of  capacitance  C  through  the  effective 
resistance  is  utilized,  then  for  obtaining  high  scanning  speed  it  is 
necessary  to  ensure  the  considerable  current  through  the 
capacitor/condenser 

<I«C 

1  ~  k  7/r  ■ 

At  rate  of  change  in  voltage  of  order  of  10ll-1012  v/s  and 
smallest  possible  capacitances  of  capacitor,  equal  taking  into  account 
stray  capacitances  of  diagram,  for  example,  20  pF,  current  takes  value 
of  2-20  a.  During  the  use  of  usual  oscilloscope  tubes  with  the 
deflection  systems  in  the  form  of  plates  it  is  necessary  to  also 
consider  the  effect  of  capacitive  coupling  between  the  plates  of  the 
systems  of  horizontal  and  vertical  deflections.  The 
capacity/capacitance  between  the  adjacent  systems  of  deflector  plates 
is  the  part  of  capacitor  voltage  divider,  whose  second  arm  is  formed 
by  stray  capacitance  between  the  deflector  plates  and  earth/ground. 

(  Page  524. 
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With  a  decrease  in  this  capacitance  the  interconnection  between  the 
systems  of  the  horizontal  and  vertical  deflection  of  ray/beam 
grows/rises.  For  decreasing  this  connection/communication  they 
sometimes  specially  increase  the  capacity/capacitance  of  deflector 
plates  relative  to  the  earth/ground.  This  entails  an  increase  of  the 
charging  current  in  sweep  circuit.  Thus,  the  capacity/capacitance  of 
deflector  plates  and  the  parasitic  wiring  capacitance  of  diagram 
present  very  noticeable  load  at  the  output  of  sweep  oscillator. 
Therefore,  in  the  diagram  the  tube,  which  has  a  sufficient  pulse 
power,  must  be  used. 

In  high-speed/high-velocity  oscillograph  are  utilized  cathode-ray 
tubes  with  high  voltage  of  acceleration,  which  decreases  sensitivity 
of  deflection  system  and  leads  to  need  for  using  sweep  voltage  on  the 
order  of  hundreds  of  volts. 


The  indicated  requirements  to  pulse  generators  of  sweep  voltage 
of  high-speed/high-velocity  oscillographs  can  be  most  simply  satisfied 
in  thyratron  diagrams.  In  such  diagrams  it  is  easy  to  ensure 
considerable  current  with  the  relatively  low  supply  voltage.  With  the 
thyratrons,  designed  for  higher  voltage,  very  fast  sweeps  can  be 
obtained,  since  current  pulses  in  them  reach  several  ten  amperes. 


However,  as  noted  in  chapter  3,  majority  of  thyratrons  works  at 
repetition  frequency  not  more  than  5-30  kHz,  but  ignition  time  lag  of 
thyratron  relative  to  moment/torque  of  its  starting/launching  can  be 
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more  than  100  ns.  Furthermore,  some  thyratrons  have  the  low  stability 
of  ignition.  Therefore,  for  obtaining  the  scanning/sweep  with  a 
duration  it  is  less  than  10  ns,  when  the  increased  stability  of 
starting/launching  has  already  been  required,  it  is  expedient  to 
utilize  diagrams  on  vacuum  lamps.  Thus,  depending  on  the 
designation/purpose  of  oscillograph  and  required  scanning  speeds  can 
be  used  sweep  oscillators  on  thyratron  or  vacuum  lamps. 

For  obtaining  photographs  of  pulse  from  tube  face  of  oscillograph 
it  is  desirable  so  that  electron  beam  would  cause  glow  of 
screen/shield  only  into  moment/torque,  which  directly  precedes 
appearance  of  sweep  voltage  on  deflector  plates. 

Page  525. 

After  the  passage  of  ray/beam  along  the  screen/shield  it  must  be 
extinguished  and  the  glow  of  screen/shield  is  ended.  For  this  in  the 
oscillograph  is  used  the  diagram,  which  creates  the  pulses  of 
illumination,  supplied  either  to  the  cathode  or  to  control  electrode 
of  tube.  The  pulses  of  illumination  must  be  short-term  with  the  very 
steep  front  and  it  is  rigidly  synchronized  with  the  scanning/sweep, 
which  is  necessary  for  the  timely  and  very  rapid  illumination  of  the 
ray/beam  of  tube.  Therefore  the  stages  of  starting  or  preliminary 
formation  of  high-speed  scanning  simultaneously  are  utilized  for  the 
impulse  shaping  of  illumination. 

Methods  of  obtaining  the  high-speed  scannings. 
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In  the  case  of  construction  of  sweep  oscillator  on  vacuum  lamps 
requirement  of  large  pulse  currents  is  fundamental  during  selection  of 
sweep  circuit  and  tube  itself.  At  the  same  time  the  scanning/sweep 
must  be  sufficient  linear,  and  the  duration  sweep  retrace,  i.e., 
recovery  time  of  diagram  is  small. 

These  requirements  can  be  satisfied  in  simple  sweep  circuit, 
which  works  on  principle  of  charge  or  capacitor  discharge.  For 
retaining/maintaining  the  linearity  of  scanning/sweep  the  circuital 
current  of  capacitor/condenser  must  be  supported  constant  value.  The 
current-stabilizing  element  relies  on  high  currents.  The  value  of 
output  resistance  of  sweep  oscillator  must  satisfy  the  condition  for 
the  smallest  distortion  of  the  form  of  sweep  voltage  (as  it  is 
indicated  in  S  10.1). 

Application  in  sweep  oscillator  of  vacuum  lamp  as  commutating 
element  is  connected;  however,  with  possibility  of  distortion  of 
initial  part  of  scanning/sweep  due  to  effect  of  form  of  trigger  pulse. 
Actually,  if  the  pulse  edge  lasts  the  time  interval,  commensurate  with 
the  sweep  length,  then  sweep  voltage  together  with  the  parameters  of 
charging  circuit  will  be  determined  by  the  character  of  the 
build-up/growth  of  the  front  of  trigger  pulse. 

Page  526. 

Let  the  front  of  trigger  pulse  increase  according  to  the  linear  law, 
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then  the  current  of  charge  of  capacitor  in  the  sweep  circuit  also 
increases  according  to  the  linear  law 

/=  kt 

and  voltage  across  capacitor  will  be 

'*  4 

•  r  kl 2 

"c  — c  ]  C  ' 

0  0 

where  4  -  duration  of  the  front  of  trigger  pulse. 

Voltage  across  capacitor  for  rise  time  of  trigger  pulse  changes 
in  time  according  to  parabolic  law.  Therefore  it  is  desirable  so  that 
the  trigger  pulse  would  have  the  large  steepness  of  front  and 
relatively  flat/plane  apex/vertex.  This  is  all  the  more  important, 
the  more  the  scanning  speed  increases.  The  different  methods  of 
increasing  the  linearity  of  scanning/sweep  are  used  for  maintaining 
the  constancy  of  scanning  speed.  Are  known  the  oscillator  circuits  of 
scanning/sweep  of  microsecond  the  range,  where  is  utilized  charge  or 
capacitor  discharge,  with  the  application  of  the  current-stabilizing 
two-terminal  network  (Fig.  10.10). 

In  the  case  of  charge  of  capacitor  voltage  on  it  changes 
according  to  the  law 

«(*)  =  (£+ £,)(l-e~^c). 

where  E,  and  r,  -  equivalent  voltage  and  resistor/resistance  of 
current-stabilizing  two-terminal  network. 
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In  this  case  percentage  distortion 

V  —  UH  -  !Ln 
!  —  £+  £a  ~  £*’ 

since  usually  £*>£. 

As  simple  current-stabilizing  two-terminal  network  is  utilized 
pentode,  for  which  equivalent  voltage  £ ,  attains  several  kilovolts. 
Sweep  circuit  with  the  pentode  can  be  used  also  for  the 
high-^peed/high-velocity  oscillograph,  if  required  scanning  speeds  are 
provided  with  the  currents,  permitted  for  the  pentodes. 
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Fig.  10.10.  Equivalent  sweep  circuit  with  current-stabilizing 
two-terminal  network. 


9f 

Page  527.  The  more  compound  circuits  of  the  current-stabilizing 
two-terminal  networks  contain  feedback  loop  on  the  current.  Thus,  in 
the  microsecond  range  for  obtaining  increased  scanning  speeds  with  the 
satisfactory  linearity  is  found  use  of  the  diagrams,  in  which  is 
utilized  the  charge  of  capacitor  in  the  presence  so-called 
compensating  emf.  (Fig.  10.11)  [1]. 


Here  with  the  aid  of  capacitor/condenser  of  considerable 
capacity/capacitance  of  C„»C  and  cathode  follower  L,  there  is  formed 
the  current-stabilizing  circuit,  which  supports  current  i  of  constant 
value  during  charge  of  capacity/capacitance  of  C,  i.e.,  with  formation 
of  linearly  changing  sweep  voltage  The  charging  current 

where  MO  -  compensating  emf,  which  ensures  the  compensation  for  a 
change  in  voltage  across  capacitor  «c( 0  so  that  the  strength  of 
current  i  remains  capacitor/condenser  it  presents  the  series 
connection  of  the  source  of  equivalent  emf  £:„  resistor/resistance  R 
and  equivalent  capacity/capacitance  C. > 


^7° 
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Fig.  10.11.  Sweep  circuit  with  current-stabilizing  circuits. 

Page  528. 

Equivalent  voltage 

_  £  —  Kn, 

c?  —  |  > 

here  ux  -  residual  voltage  across  capacitor  C  at  initial  moment  of  its 
charge. 

Percentage  distortion 

y  u  p  a, id  —  K)  11 1'  (I  ~4~  Ri'Ri-)  /in  |7i 

‘  £.  —  «i  £-a,  ~  (£-«.)(*  ’  '  ; 

where  n  -  factor  of  amplification  of  tube  L,. 

In  the  case  of  applying  this  diagram  for  obtaining  scanning/sweep 
with  duration  several  of  ten  nanoseconds  are  required  tubes,  designed 
for  considerable  current  which  with  minimum  for  this  diagram 
capacity/capacitance  of  20-30  pF  and  sweep  voltage  with  amplitude 
about  kilovolt  it  reaches  value  more  than  ampere.  For  obtaining  the 
high  current  necessary  to  decrease  charging  resistor  of  R  (less  than  1 
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kilohms),  and  this  impedes  the  selection  of  tube  Lw  since  its 
internal  resistance  must  be  considerably  lower  than  the 
resistor/resistance  of  R,  since  this  tube  is  intended  for  the 
capacitor  discharge  C  in  the  period  of  the  restoration/reduction  of 
diagram.  If  this  condition  is  not  satisfied,  then  the  residual 
voltage  across  capacitor  Uj  grows/rises  and  the  voltage  efficiency  £ 
proves  to  be  very  small.  Furthermore,  the  low  value  of 
resistor/resistance  Ri  worsens/ impairs  the  mode  of  operation  of 
cathode  follower  [1], 

Therefore  in  high-speed/high-velocity  oscillographs  during 
scanning/sweep  with  duration  several  of  ten  nanoseconds  (minimally  to 
10  ns)  car  be  used  modified  schematic  of  this  oscillator  (Fig.  10.12) 
[192].  The  here  commutating  tube  L,  is  connected  in  series  with 
capacitor/condenser  C.  Resistor/resistance  R,  of  small  value  is 
intended  for  the  capacitor  discharge  C  in  the  period  of  the 
restoration/reduction  of  diagram.  Tube  Li  is  designed  for  the  high 
current. 


) 
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Fig.  10.12.,  Sweep  circuit  of  nanosecond  s-band  current-stabilizing 
circuit. 

Page  529. 


In  this  case,  if  we  do  not  consider  the  effect  of  the 
current-stabilizing  two-terminal  network  {C,  and  La  they  are 
disconnected),  for  the  circuit  we  will  obtain  the  equation  of  charge 
of  capacitor  C 


E  ~  iRi  -j -  «c. 


where  i  -  current  of  conducting  tube  Lx,  /?,  =  const  -  its  resistance. 

Voltage  across  capacitor  C  in  this  case  changes  according  to  the 

law 


R%R  i 

X--^R~+Rr 


where 
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If  we  now  consider  effect  of  current-stabilizing  two-terminal 
network,  just  as  this  done  for  diagram  in  Fig.  10.11,  then  for 
percentage  distortion  we  will  obtain 


I 


tfp(l  -  K) 

R,Ej(Rt  +  R>)  ' 


(10.18) 


Value  of  percentage  distortion  in  this  diagram  is  not  more  than 
10%.  Working  sweep  voltage  attains  the  value 


R>E 
R»  +  Ri 


<  M|>  <  fl . 


In  this  case  voltage  efficiency  5  proves  to  be  equal  to  0.8-0. 9 
even  at  high  scanning  speeds.  In  the  case  of  high-speed 
scannings/sweeps  the  percentage  distortion  is  sometimes  permitted 
order  10-15%,  since  in  the  diagrams  the  calibrator  of  sweep  length 
commonly  is  used.  This  makes  it  possible  to  utilize  simpler  methods 
of  the  linearization  of  scanning/sweep.  Such  methods,  in  particular, 
include  the  charge  of  the  capacity/capacitance  through  RL-network. 

The  use  of  the  corrective  inductance  L,  connected  in  series  with 
capacitor/condenser  C  and  effective  resistance  R,  makes  it  possible  to 
support  the  constancy  of  the  charging  current  i,  since  current  i 
induces  in  coil  L  of  emf,  which  counteracts  to  a  change  in  the 
current . 

) 
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If  circuit  is  found  in  oscillatory  mode,  then  voltage  across 
capacitor 

uc  =:  E  -f  ^  e"“'  sin  (»>/  -  -  ?). 


Initial  part  of  oscillogram  of  voltage  “c  will  be  more  linear, 
the  higher  energy  factor  of  duct/contour.  The  value  of  operating 
voltage  uc  here  can  be  more  than  supply  voltage,  i.e.,  the  voltage 
efficiency  {>1. 

With  formation  of  voltage  of  high-speed  scanning  similar  diagram 
finds  use  as  circuit,  which  converts  the  drop  in  voltage  into  linearly 
changing  voltage  of  assigned  slope/transconductance  (Fig.  10.13). 


Let  us  assume  that  at  the  input  of  the  circuit  an  ideal  drop  in 
voltage  operates.  For  the  voltage  and  the  circuital  current  we  have 
expressions 


' =  fr=s  *A’ 


where 

0  __  -  L  ±  V  Lr-  4R’LC 

"*•* - 2 RLC  * 


L=£— V.,\  here  u,  -  a  voltage  drop  across  the  commutating  element. 
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Change  in  voltage  across  capacitor  is  close  to  linear  dependence, 
if  circuit  is  found  in  oscillatory  mode. 
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Fig.  10.13.  Forming  circuit  for  obtaining  voltage  of  high-speed 
scanning. 
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Expressions  for  the  current  and  the  voltage  in  this  case  take  the  form 


where 


uc  —  U  |l  —  -  -  r \  J to*  —  a*  cos  Y  to*  —  a1/  — 


—  a  sin^to*  —  a’/]| ; 


ic  =  UC’*-'*  (2*  cos  V a>s  —  olU  + 

+  ~  Sin  )  •*  a* /1» 


a 


l 

if:' 


Percentage  distortion  for  voltage  across  capacitor  is  determined 
by  relation 


__  ill  —  ‘Ji 

'  ill 


Counting  t»»0,  we  will  obtain  for  percentage  distortion  following 
expression: 


( 
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Fig.  10.14.  Dependences  of  current  and  voltage  from  scanning  time 
and  percentage  distortion  from  voltage  for  circuit  design  of 
scanning/sweep. 

Page  532. 

\ 

Fig.  10.14  depicts  dependences  of  current  and  voltage  from 
scanning  time,  and  also  percentage  distortion  from  value  of  change  in 
voltage  across  capacitor,  used  for  scanning/sweep.  In  the  figure 
there  is  denoted 

It  follows  from  Fig.  10.14  that  during  the  use  for' scanning/sweeping 
only  the  part  of  voltage  across  capacitor,  it  is  possible  to  obtain 
the  sufficiently  linear  dependence  of  voltage  from  the  time.  With 
t)*0.18  the  current  has  maximum  value  and  is  equal  to 

l MflKC  =  1  .02 

'  ( 

whence  percentage  distortion  can  be  determined  according  to  the 

l 

s 

t 

¥ 

t 
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Key:  (1).  with. 


y  —  r  —  npH  r|<0,18 


and 


T  =  — L  y  npn  i,  >  0, 1 8, 

/  Mane 


PAGE 


‘JS'o 


Key:  (1).  with, 

where 

v  _  /  XIKP  -  /f 

Ta_  /r 

Here  I0  -  initial  sweep  current,  i.e.,  =  with  tj=0. 

Utilizing  time  interval,  limited  by  value  t?*0.5,  it  is  possible 
to  obtain  sweep  voltage  with  amplitude  U/2  with  percentage  distortion 
of  order  5-7%.  If  in  sweep  circuit  were  utilized  the  integrating 
circuits  of  the  type  RC,  then  with  the  same  sweep  amplitude  percentage 
distortion  would  attain  approximately  50%. 

Values  of  percentage  distortion,  founa  according  to 
above- indicated  relationships/ratios  and  Fig.  10.14,  are  valid  only  at 
ideal  drop  in  voltage,  supplied  to  the  input  of  integrating  circuits. 

In  the  real  diagram  the  nonlinearity  increases  because  a  drop  in  the 
voltage  has  a  certain  final  duration  of  front. 

Page  533. 
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In  practice  the  value  of  percentage  distortion  does  not  exceed  10%.  A 
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deficiency  in  this  method  of  the  formation  of  scanning/sweep  is 
considerable  recovery  time  of  diagram,  which  limits  sweep  frequency. 

High-speed  vapor  phase  scanning/sweep  can  be  obtained  in  diagram 
with  power  tetrod  as  commutating  tube  (Fig.  10.15). 

Advantage  of  application  of  tetrode  over  triode  consists  in  the 
fact  that  it  has  smaller  input  capacitance  and,  furthermore,  potential 
change  on  screen  grid  of  tetrode  to  the  same  value,  as  on  cathode,  is 
not  caused  change  in  anode  current.  This  fact  is  very  important  for 
obtaining  the  sufficiently  line  voltage  of  scanning/sweep.  The 
capacitor/condenser  of  the  corresponding  capacitance  of  C3  is  included 
for  this  purpose  between  the  screen  grid  and  the  cathode  of  tetrode. 
With  the  triggering/opening  of  tube  by  positive  pulse,  supplied  to 
control  electrode,  capacitor/condenser  Cx  is  discharged  by  the  anode 
current  of  tube,  and  capacitor  C,  is  charged  by  anode  and  screen 
current.  Because  of  the  action  of  capacitor/condenser  C3  the  currents 
of  charge  and  discharge  remain  approximately  constant  value  during  the 
duration  of  steering  impulse.  In  the  period  of  the 
restoration/reduction  of  diagram  capacitor/condenser  Cx  is  charged 
through  resistor/resistance  R,„  and  capacitor/condenser  C,  is 
discharged  through  resistor  Ra. 

Power  tetrodes  provide  current,  which  makes  it  possible  to  obtain 
scanning  speed  on  the  order  of  10*  cm/s  with  percentage  distortion  not 
more  than  10%.  For  the  formation  of  the  high-speed  scannings  of 
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different  duration  it  is  possible  to  utilize  an  electron  tube 
simultaneously  as  the  amplifier  of  the  linearly  changing  voltage  and 
as  the  source  of  a  steep  edge  in  the  voltage  for  the  integrating 
circuits  (Fig.  10.16). 
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Pig.  ID. 15.  Diagram  of  high-speed  vapor  phase  scanning/sweep  on  a 
tetrode. 

Page  534. 

Its  amplification  by  high-  power  tube  occurs  after  admission  to 
control  electrode  of  preliminarily  formed  linearly  changing  voltage. 
For  obtaining  the  scanning/sveep  with  the  maximum  speed  (on  the  order 
of  10*  cm/s)  the  linearly  changing  voltage  is  removed/taken  from  the 
anode  of  tube  and  is  supplied  directly  to  the  deflection  system  of 
tube.  The  linearity  of  scanning/sweep  is  determined  by  the  shape  of 
pulse  at  the  input  of  tube  and  by  the  possible  distortions  due  to  the 
parasitic  parameters  of  tube  and  anode  circuit  of  diagram.  In 
obtaining  of  scannings/sveeps  with  the  lower  speeds  a  drop  in  the 
voltage  from  the  anode  of  tube  is  supplied  to  the  integrating 
circuits,  with  the  aid  of  which  are  formed/shaped  the  necessary 
scannings/sweeps.  The  linearity  of  these  scannings/sweeps  is 
determined  in  essence  by  the  character  of  the  integrating  circuits  and 
by  the  slope/transconductance  of  an  initial  drop  in  the  voltage.  For 
increasing  the  linearity  of  scanning/sweep  can  be  used  LCR  the 
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integrating  circuits,  described  above. 

If  requirements  for  stability  of  starting  of  scanning  are  not 
very  rigid,  then  as  a  commutating  element  it  is  expedient  to  utilize  a 
thyratron.  Thyratron  diagram  is  more  economical.  With  the  aid  of  the 
thyratron  easy  to  obtain  considerable  currents  with  the  voltage  on  its 
anode  of  approximately  1  kv,  while  for  the  power  tetrods  is  required 
the  voltage  into  several  kilovolts.  During  the  use  of  a  thyratron  it 
is  easy  to  obtain  the  initial  drop  in  the  voltage  of  large 
slope/transconductance,  which  then  can  be  supplied  to  integrating 
lCR-chain. 


PAGE  X/ 
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Fig.  10.16.  Oscillator  circuit  of  scanning/sweep  with  forming 
circuit. 

Page  535. 

High  scanning  speed  can  be  obtained  by  simple  method,  if  we 
utilize  properties  of  characteristic  of  ionization  of  thyratron  (Fig. 
10.17a).  As  the  sweep  voltage  here  is  utilized  the  voltage  drop 
across  the  equal  in  magnitude  resistors/resistances  of  Rj  and  Ra, 
which  is  created  due  to  the  discharge  of  capacitor  Cx.  With 
sufficiently  great  capacity  Cx,  i.e.,  if  C, /?„»*„  {R„  =  R1  +  R > voltage 
on  resistors/resistances  of  Rx  and  Ra  follows  the  form  of  the 
characteristic  of  ionization  (Fig.  10.17b). 

For  scanning/sweep  is  utilized  only  section  of  linear  build-up  of 
characteristic  of  ionization.  The  linearity  of  scanning/sweep  is 
determined  by  the  properties  of  thyratron,  and  percentage  distortion 
does  not  usually  exceed  15-20%.  Changing  supply  voltage,  it  is 
possible  to  obtain  different  scanning  speeds  (continuously  variable  ! 

control).  The  linear  section  of  the  characteristic  of  ionization  has  | 

a  duration  from  2  to  10  ns,  which  depends  on  the  type  of  thyratron  and  | 


r 
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value  of  anode  voltage.  In  this  case  the  sweep  voltage  can  reach 
hundreds  of  volts  even  with  the  low-power  thyratrons.  Consequently, 
this  diagram  can  be  used  for  obtaining  high  scanning  speeds,  which 
reach  3*10’  cm/s. 

To  deficiencies  in  generators  with  thyratrons  it  is  necessary  to 
relate  difficulty  of  achieving  stable  work  of  diagram,  comparatively 
long  delay  time  of  starting  of  generator  and  low  maximum  sweep 
frequency,  equal  to  5-10  kHz. 
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Fig.  10.17.  Diagram  of  high-speed  scanning/sweep  (a),  in  which  is 
utilized  process  of  ionization  of  thyratron  and  sweep  voltage  (b) . 

Page  536. 

Factors,  which  determine  operational  stability  of  diagram  with 
thyratrons,  are  examined  in  Chapter  3.  During  the  correct  selection 
of  the  type  of  thyratron  and  with  the  observance  of  the  proper  working 
conditions  for  its  in  the  diagram  of  high-speed  scanning,  as 
investigations  showed,  the  stability  of  the  starting  can  be  led  to  the 
tenths  of  nanosecond  (0. 2-0.1  ns)  [3].  This  high  stability  is 
especially  necessary  with  the  oscillography  of  repetitive  pulses  with 
the  duration  in  all  into  several  nanoseconds. 

Considerable  delay  of  starting  of  thyratron  sweep  circuit 
(reaching  100  ns  and  more)  has  value  during  recording  of  single 
pulses.  In  the  case  of  recording  the  repeating  pulses  delay  factor  of 
starting  does  not  play  the  significant  role,  since  in  the  diagram  it 
is  always  possible  to  provide  synchronization  of  the  moment  of  the 
starting  of  scanning  relative  to  the  moment/torque  of  the  arrival  of 
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the  pulse  being  investigated.  In  sweep  circuit  on  the  thyratrons  it 
is  possible  to  carry  out  continuously  variable  control  of  delay  time 
by  changing  the  bias  voltage  on  control  electrode. 

Methods  of  formation  of  linearly  changing  voltage  examined  do  not 
make  it  possible  to  obtain  very  high  speed  scannings/sweeps,  for  which 
is  necessary  rate  of  change  in  voltage  of  order  of  10 1#  v/s.  The  need 
for  such  rates  of  change  in  the  voltage  appears  in  the  very  high  speed 
oscillographs.  In  such  oscillographs  it  is  necessary  to  use  high 
accelerating  voltage,  which,  however,  decreases  the  sensitivity  of  the 
horizontally  deflection  system.  In  these  cases  is  necessary  working 
the  sweep  voltage  on  the  order  of  1  kV.  The  sweep  length  of  such 
oscillographs  is  sometimes  less  than  1  ns,  which  can  correspond  to 
scanning  speed,  close  to  3«10l#  cm/s. 

This  high  rate  of  change  in  voltage  is  easily  achieved  by  use  of 
ferrite  forming  lines,  where  shock  electromagnetic  wave  is  formed.  In 
Chapter  4  the  description  and  the  calculation  of  such  lines  is  given. 
The  oscillator  circuit  of  scanning/sweep  with  the  nonlinear  forming 
line  on  the  ferrites  is  given  in  Fig.  10.18  [187]. 

Page  537. 

Linearity  of  this  scanning/sweep  (i.e.  form  of  front  of  obtained 
drop/ jump)  is  determined  in  essence  by  quality  of  forming  line  and  by 
parasitic  parameters  of  mounting  of  diagram.  The  correct 
identification  of  the  parameters  of  the  cells  of  the  forming  line  and 


-rr*' 
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their  sufficient  number  makes  it  possible  to  form  a  drop  in  the 
voltage,  the  nonlinearity  of  working  section  of  which  does  not  exceed 
10-15%.  The  application  of  a  constant  magnetic  biasing  of  ferrites  of 
line  makes  it  possible  to  obtain  continuously  variable  control  of  the 
delay  time  of  line,  which  is  substantial  for  the  synchronization  of 
the  moment/torque  of  the  beginning  of  scanning/sweep  and  arrival  of 
the  pulse  being  investigated. 

Reasons  for  the  instability  of  scanning/sweep. 

At  high  scanning  speeds  appears  difficulty  in  obtaining  of  stable 
position  of  pulse  on  time  axis  of  oscillograph  being  investigated, 
reason  for  which  can  be  insufficient  stability  of  parameters  of 
linearly  changing  sweep  voltage.  If  during  the  observation  of 
repetitive  pulses  change  the  delay  time  of  scanning/sweep,  the  value 
of  the  initial  level  of  the  working  section  of  scanning/sweep  and  the 
average  speed  of  working  section,  then  the  temporary  situation  of 
pulse  will  be  unstable,  and  its  form  is  distorted. 

Let  in  the  sweep  circuit  a  charge  occur  or  capacitor  discharge  is 
utilized  linear  section  of  change  in  voltage 

«(/)  = 

where  U!  -  initial  level  of  working  section  of  scanning/sweep;  t,  - 
moment/torque  of  beginning  of  straight/direct  trace  of  a  scan;  k  - 

(  slope/transconductance  of  change  in  voltage. 

i  v 


Fig.  10.18.  Oscillator  circuit  of  scanning/sveep  with  nonlinear 
forming  line  on  ferrites. 

Key:  (1).  Input.  (2).  Output. 

Page  538. 

Let  there  be  at  moment  /=/,.  a  linearly  increasing  sweep  voltage 
u(t)  =«,„  then  for  scanning  time 


If  we  do  not  consider  nonlinearity  of  scanning/sweep,  then  value 
of  the  time  error  in  scanning/sweep  depends  on  effect  of  parameters 
tw  Ux  and  k.  Magnitude  of  error  of  scanning  time  due  to  a  change  in 
the  delay  of  the  starting  of  sweep  oscillator  is  equal  to  an  error  in 
this  delay: 

A/  m _ Af  i 


Error  due  to  change  in  rate  of  working  section  of  scanning/sweep 
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and  error  due  to  change  in  initial  stress  level  of  scanning/sweep 

ii,.,  a//,  _w, 

t  p  £/p  Up 

Change  in  scanning  speed  Ak/k  and  initial  stress  level  AUJup 
depends  on  stability  of  source  of  anode  voltage.  A  change  in  the 
value  of  the  anode  voltage  of  tube  can  lead  to  a  change  in  the  value 
of  voltage  across  capacitor  residual  after  the  restoration/reduction 
of  diagram.  The  value  of  this  error  depends  on  the  type  of  diagram 
and  characteristic  of  tube.  The  same  reason  produces  a  change  in  the 
strength  of  current  of  the  charge  (or  discharge)  of 

capacitor/condenser  and  leads  to  the  error  in  the  rate  of  the  working 
section  of  scanning/sweep.  Both  these  errors  are  usually  small  under 
the  condition  of  a  good  stabilization  of  power  supply. 

Instability  of  moment  of  triggering  of  sweep  oscillator  of 
high-speed/high-  velocity  oscillograph  plays  significant  role. 

Page  539. 

In  the  channel  of  the  starting  of  high-speed  scanning  several 
cascades/stages  on  the  electron  tubes,  which  work  in  the  waiting  mode 
and  intended  for  a  consecutive  increase  in  the  steepness  of  the  front 
of  the  trigger  pulse  of  sweep  oscillator,  commonly  are  used. 

Let  us  examine  reasons  for  instability  of  starting  with  any  of 
cascade/stage  (pulse  amplifier  or  relaxation  oscillator  in  waiting 
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mode),  which  is  located  in  trigger  circuit  of  sweep  oscillator. 

Usually  the  tube  of  this  cascade/stage  in  the  initial  state  is  closed 
by  bias  voltage  £,«  (Fig.  10.19).  From  the  preceding/previous 
cascade/stage  the  grid  of  tube  comes  trigger  pulse  u»\  < t ).  during  the 
build-up/growth  of  front  of  which  occurs  the  triggering/opening  of  the 
tube  of  the  cascade/stage  in  question:  The  beginning  of  the  starting 
of  the  cascade  corresponds  to  moment/torque  tx,  when  «..*(/)=£ i- 

foment  of  triggering  of  tube  will  be  unstable,  if  changes  value 
C,=  £,.m — E„  and  steepness  of  front  of  trigger  pulse  (duB*(t)ldt),^t-  with 
the  aid  of  Fig.  10.19  it  is  possible  to  rate/estimate  the  value  of  the 
instability  of  the  moment  of  triggering  of  tube  [193].  Representing 
small  changes  in  the  values  by  differentiation,  for  changing  the 
moment  of  the  triggering  of  tube  we  will  obtain 
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Fig.  10.19.  Graph  which  elucidates  triggering/opening  of  tube  by 
linearly  increasing  voltage. 

Page  540. 

Since  change  in  potential  of  closing  of  tube  depends  on  change  in 
anode  voltage  and  filament  voltage,  i.e.,  /  (Z:a,  »„),  the 

df-:t  ---  </£e>,  4  4  7,7  d"»  - 

t/Z-cM  +  /WZ4 

where  A  and  B  -  proportionality  factors. 

According  to  (10.21)  for  Ati  we  will  obtain 

(^C«4^^a4"  BdtlH). 


If  trigger  pulse  enters  with  certain  instability  At,,  then 
resulting  instability  of  starting  of  cascade 
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A t  =  A/, Af„. 

In  the  particular  case  if  the  front  of  trigger  pulse  is  linearly 
increasing  function, 

where  U  -  amplitude,  and  4  -  duration  of  front  of  trigger  pulse,  then 
delay  of  starting  of  cascade  is  determined  by  expression 

=  «BX  (*,)  ^  =4  (Ecm  -  E„)  = £, 

or 

dt-l±dE^-dt^-E-^-dU. 

Passing  to  increases  in  value,  we  will  obtain  for  instability  of 
starting  of  cascade 


E. 

77' 


Am 

u'r 


(10.22) 


If  the  front  of  trigger  pulse  increases  exponentially: 

that  instability  of  triggering  of  cascade  will  be  initial  sector  of 
the  front  of  pulse  [193] 


— -  Ax  In 


u 
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E,x 

U  -  /:, 


Tf).  (10.23) 
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And  (10.23)  it  is  evident  from  expressions  (10.22)  that  with 
increase  in  bias  voltage  £(m  (i.e.,  with  an  increase  in  Ex)  increases 
instability  of  starting  Atlf  which  depends  on  change  in  voltage  Ex  and 
steepness  of  front  of  trigger  pulse.  As  is  evident,  with  the  linearly 
increasing  front  of  trigger  pulse  instability  Atx  depends  on  value 
AEx/Ej,  and  during  the  exponential  build-up/growth  of  front  the 
instability  in  all  cases  depends  to  a  considerable  degree  on  value  Ex, 
which  it  is  desirable  to  take  as  small  as  possible. 


To  instability  of  starting  of  cascade  besides  instability  of 
supplies  of  power  (technical  instability)  and  instability  of 
parameters  of  trigger  pulse  factors,  connected  with  presence  of 
fluctuations,  caused  by  noise  of  resistors/resistances  of  diagram  and 
tube,  will  also  affect  (natural  instability).  Therefore  in  the 
general  case  the  problem  about  the  instability  of  the  moment  of  the 
triggering  of  start-up  circuit  is  a  statistical  problem.  Are  at 
present  indicated  the  solutions  of  this  problem  only  in  general  form 
[194,  195].  Thus,  the  total  instability  of  the  moment  of  operation  of 
electronic  relay,  including  natural  fluctuations,  is  determined  by 
expression  [195] 


*,  =  - 


5(0 


5(06'(0 


r  du „(t)  I  1  [dtt.,  (01* 

L  <“  Jf=/,  L  «  J/=i. 


r<fo..(oi3 

I  1=', 
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where  $(t)  -  total  small  fluctuation  enumerated  in  input  circuit  of 
cascade/stage. 

However,  in  available  literature  there  is  no  evaluation/estimate 
of  natural  instability  in  waiting  diagrams,  and  therefore,  without 
knowing  value  £(t),  even  in  the  case  of  linear  approximation/approach 
it  is  impossible  to  calculate  value  At,.. 

In  developed  samples  of  very  high  speed  oscillographs  [187,  191] 
experimentally  was  determined  instability  of  triggering  time  of 
trigger  circuits  and  sweep  oscillators.  Thus,  the  total  instability 
of  entire  channel  of  scanning/sweep  can  have  a  value  td-ZjxlO*11  s. 
With  further  decrease  of  this  value,  apparently,  is  necessary 
reduction  in  noise  in  the  cascades/stages  of  diagram. 

Page  542. 

10.4.  IMPULSE  SHAPING  FOR  THE  STARTING  OF  SWEEP  OSCILLATORS. 
Requirements  for  the  trigger  circuits. 

Pulses  for  starting  of  generators  of  high-speed  scanning  must 
have  a  very  steep  front,  sufficient  amplitude  and  high  stability  of 
their  parameters.  The  parameters  of  pulses  are  determined  by  the 
oscillator  circuit  of  scanning/sweep. 
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For  the  starting  of  sweep  oscillators,  which  work  on  electron 
tubes,  pulse  must  have  large  steepness  of  front  and  flat  vertex.  In 
the  commutating  tube  of  sweep  oscillator  increases  insufficiently 
rapidly  with  small  steepness  of  the  front  of  the  starting  current 
pulse  and  therefore  the  initial  section  of  scanning/sweep  proves  to  be 
nonlinear.  This  especially  is  developed  at  very  high  scanning  speeds. 
The  duration  of  the  front  of  trigger  pulse  must  be  considerably  less 
than  the  sweep  length  (with  exception  of  those  cases,  when  the 
build-up/growth  of  the  front  of  trigger  pulse  it  is  utilized  further 
as  the  scanning/sweep).  The  presence  of  oscillations  and  overshoots 
at  the  pulse  apex  also  leads  to  an  increase  in  the  percentage 
distortion  of  scanning/sweep,  since  the  change  of  the  current  strength 
in  the  tube,  which  appears  in  this  case,  distorts  the  form  of  sweep 
voltage.  Trigger  pulse  wave  in  these  diagrams  is  determined  by  the 
duration  of  straight/direct  trace  of  a  scan  and  it  is  desirable  so 
that  it  would  be  regulated. 


During  starting  of  sweep  oscillators,  which  work  on  thyratrons, 
requirement  for  trigger  pulse  less  rigid.  The  pulse  duration  here 
must  not  be  very  small  and  is  determined  not  by  the  duration  of 
straight/direct  trace  of  a  scan,  but  by  the  conditions  of  the  stable 
starting  of  thyratron.  Therefore  the  duration  of  trigger  pulse 
lies/rests  within  the  limits  of  several  microseconds. 


In  thyratron  oscillator  circuit  of  scanning/sweep  front  of 
trigger  pulse  does  not  have  direct  effect  on  degree  of  linearity  of 
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scanning/sweep,  as  it  takes  place  in  diagrams  on  vacuum  lamps,  since 
current  strength  in  thyratron  after  its  ignition  is  no  longer 
determined  by  trigger  pulse. 

Page  543. 

The  front  of  trigger  pulse  must  be  selected  from  the  condition  of  the 
stable  starting  of  thyratron.  The  steepness  of  the  pulse  edge  is 
necessary  the  order  of  10’  v/s. 

It  is  desirable  so  that  output  circuits  of  trigger  circuit  of 
thyratron  would  be  low-resistance.  The  diagrams,  which  form  trigger 
pulses,  must  have  short  delay  time,  which  is  especially  important  with 
the  oscillography  of  single  short-term  processes. 

In  designs  of  high-speed  oscillographs  rigid  synchronization  of 
moments  of  beginning  of  scanning/sweep  and  illumination  of 
straight/direct  course  of  ray  of  oscilloscope  tube  and  moment  of 
supplying  temporary/ time  markers  for  calibrating  scanning/sweep  is 
important.  Therefore  pulses  for  the  starting  of  sweep  oscillator, 
pulse-shaping  circuit  of  illumination  and  modulator  of  high-  frequency 
mark  generator  are  formed/shaped  in  the  single  trigger  circuit  of 
oscillograph. 

At  high  scanning  speeds  all  trigger  pulses  indicated  must  have 
steep  front  and  be  characterized  by  stability.  Furthermore,  in  the 
trigger  circuits  of  oscillograph  it  is  desirable  to  provide  impulse 
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shaping  for  the  starting  of  external  diagrams,  since  oscillograph  can 
work  both  in  trigger  conditions  from  the  external  diagram  and  in  the 
mode  of  its  own  starting.  In  the  second  case  the  starting  of  the 
diagrams  being  investigated  is  conducted  from  the  oscillograph.  Pulse 
repetition  rate  of  starting  must  be  regulated  in  the  considerable 
limits. 

Generator  of  driving  pulses  is  fundamental  synchronizing  circuit 
of  starting  system  of  oscillograph.  The  pulses  developed  by  it  must 
be  formed  into  the  trigger  pulses  of  the  necessary  amplitude  and 
duration  with  the  high  steepness  of  front.  Blocking  oscillator  is  the 
most  adequate  relaxation  diagram  for  the  impulse  shaping  with  the 
steep  front  with  their  large  porosity.  Therefore  in  starting  system 
they  had  extensive  application  of  a  diagram  of  the  blocking 
oscillators  of  microsecond  and  nanosecond  ranges. 

For  starting  of  the  generator  of  high-speed/high-velocity 
scanning/sweep  is  usually  necessary  pulse  into  several  hundred  volts 
with  front  with  duration  about  10  ns.  Such  pulses  are  formed/shaped 
by  an  increase -in  the  steepness  of  the  edge  of  pulse  of  the  master 
oscillator  with  the  aid  of  the  sequence  of  the  diagrams  of  blocking 
oscillators  and  amplifier-limiters,  in  latter/last  cascades/stages  of 
which  are  utilized  the  high-power  tubes. 

Page  544. 


For  impulse  shaping  of  illumination  of  ray/beam  and  starting  of 
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modulator  of  block  of  calibrator  blocking  oscillators  also  frequently 
are  utilized.  With  the  consecutive  peaking  of  trigger  pulse  one  of 
the  cascades/stages  of  starting  system  simultaneously  is  utilized  also 
for  the  impulse  shaping  of  illumination. 

Possible  version  of  system  block  diagram  of  starting  of 
high-speed  oscillograph  is  given  in  Fig.  10.20. 

Necessary  adjustment  of  moment/torque  of  beginning  of 
scanning/sweep  can  be  realized  by  change  in  bias  voltage  on  control 
electrode  of  tube  of  one  of  cascades/stages  of  starting  system. 
However,  this  is  not  desirable  at  high  scanning  speeds,  since  a  change 
in  the  grid  voltage  of  tube  can  supply  cascade/stage  in  the  mode, 
during  which  is  not  provided  a  sufficient  stability  of  the  time  of  its 
starting.  Therefore  for  the  adjustment  of  the  delay  time  of  the 
starting  of  scanning/sweep  it  is  desirable  to  provide  either  the 
diagram  of  electronic  delay  or  the  special  circuit  of  the  continuously 
adjustable  delay. 

Question  of  operational  stability  of  starting  system  is  very 
important.  Just  as  in  the  case  of  sweep  oscillator,  which  operates  in 
the  waiting  mode,  the  operational  stability  of  cascades  of  starting  is 
determined  by  error  due  to  a  change  in  the  starting  time  of 
diagram  and  due  to  a  change  in  the  steepness  of  the  front  of  trigger 
pulses  formed/shaped  from  one  cascade/stage  to  the  next. 
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Fig.  10.20.  System  block  diagram  of  starting  of  oscillograph:  1  - 
input  circuits;  2  -  pulse  generator  of  starting;  3  -  cascade/stage  of 
delay;  4  -  amplif ier-peaker;  5  -  pulse  amplifier;  6  -  diagram  of 
illumination;  7  -  amplifier-limiter;  8  -  calibrator. 

Key:  (1).  Input  pulse.  (2).  To  sweep  oscillator.  (3).  External 

synchronization.  (4).  Illumination.  (5).  Calibrating  markers. 

(6).  Output  of  pulse  of  synchronization. 


Page  545. 


The  main  reason  for  error  proves  to  be  a  change  in  the  value  of  supply 
voltage,  which  ensures  bias/displacement  on  control  electrode  of 
cascade/stage  and  in  the  smaller  measure  a  change  in  the  voltage  of 
the  source  of  anodic  feed. 


Since  in  trigger  circuits  blocking  oscillators  frequently  are 
utilized,  then  the  explanation  of  stability  of  time  of  their 
functioning  is  of  interest.  In  the  very  high  speed  oscillographs  for 
obtaining  temporary/time  resolution  on  the  order  of  0.05  ns  the 
instability  of  triggering  time  of  the  separate  cascade/stage  of 
starting  system  must  be  less  than  0.01  ns.  The  stability  of 
triggering  time  of  a  diagram  of  the  type  of  blocking  oscillator  in 
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this  case,  apparently  has  already  been  determined  not  only  by  the 
stability  of  the  parameters  of  trigger  pulse  and  supplies  of  power  of 
diagram,  but  also  by  the  noise  level  of  diagram. 

As  can  be  seen  from  system  block  diagram  of  starting  (Fig. 

10.20),  for  obtaining  parameters  of  trigger  pulse  of  scanning/sweep 
necessary  for  high-speed/high-velocity  oscillograph  it  is  necessary  to 
use  a  series  of  cascades,  which  are  found  in  waiting  mode.  This  leads 
to  the  significant  magnitude  of  the  total  delay  time  of  the  starting 
of  scanning,  which  reaches  50-200  ns. 

High  scanning  speed  sometimes  is  not  required,  but  necessary  is 
the  minimum  delay  time  of  starting  of  scanning,  which  is  important  for 
oscillographs,  intended  for  recording  single  process,  in  circuit  of 
signal  of  which  cable  of  delay  is  used;  its  length  (and  broad-band 
character)  is  determined  by  required  delay  time  of  starting  of  the 
scanning.  In  these  cases  the  number  of  cascades/stages  must  be 
minimal,  and  the  rate  of  their  functioning  is  great.  Therefore  the 
application  of  diagrams  on  the  tubes  with  the  secondary  emission  is 
expedient.  At  low  scanning  speeds  the  total  delay  time  of  starting 
can  be  reduced  to  the  value  of  15-20  ns  [196]. 

If  sweep  oscillator  works  on  thyratron,  then  trigger  circuit  is 
more  simple.  In  this  case  for  the  starting  of  the  scannings  it 
suffices  to  use  a  blocking  oscillator  and  cathode  follower,  which 
form/shape  pulse  with  the  the  amplitude  200-300  V  for  the  duration  of 
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front  of  approximately  0.1  ms. 

Page  546. 

Schematics  of  starting  systems  and  generators  of 
high-speed/high-velocity  and  very  high  speed  scannings/sweeps. 

Simplified  circuits  of  units  of  starting  and  scanning/sweeping 
some  contemporary  high-speed  oscillographs  are  given  as  examples  of 
pulse-shaping  circuits  of  starting  and  sweep  oscillators. 

Fig.  10.21  gives  trigger  circuit  of  high-  speed/high-velocity 
oscillograph  [197],  constructed  on  blocking  oscillators,  sweep 
circuit,  assembled  on  tetrode,  and  diagram  of  calibrator. 

Here  assigning  blocking  oscillator  L*  works  in  mode  of  external 
synchronization.  Pulse  from  its  output  enters  the  amplifier  L,, 
cathode  load  of  which  is  the  circuit,  which  consists  of  the  divider  of 
voltage  and  delay  lines.  The  circuit  indicated  provides  the  necessary 
value  of  the  pulse  amplitudes,  which  start  the  separate 
cascades/stages  of  diagram  and  the  correct  sequence  of  their  work  in 
the  time. 

After  line  of  pulse  delay  enters  second  blocking  oscillator  L,, 
intended  for  peaking  of  formed/shaped  pulse.  Bias  on  control 
electrode  of  tube  L,(,  it  is  possible  to  change  and  with  the  aid  of 
this  to  smoothly  change  the  moment  of  the  starting  of  sweep 
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oscillator.  The  pulse  shaped  in  the  cascade/stage  L,a  has  a  duration 
50  or  200  ns,  which  is  determined  by  capacitance  value  of 
capacitor/condenser,  which  is  located  in  the  grid  circuit  of  tube. 

Then  this  pulse  is  amplified  and  is  limited  in  the  cascade/stage  on 
the  tube  L4.  On  secondary  winding  of  transformer  Tp,  is  formed  the 
pulse  with  an  amplitude  of  120  V  for  the  duration  of  front  7  ns. 

Formed  thus  pulse  starts  sweep  oscillator  L,.  From  the  third  winding 
of  the  same  transformer  the  pulse  of  the  illuminat ion  of 
straight/direct  trace  of  a  scan  is  removed/taken. 

Sweep  oscillator  is  assembled  according  to  fundamental  diagram  in 
Fig.  10.15.  The  use  of  a  tetrode  makes  it  possible  to  obtain 
scanning/sweep  with  the  maximum  speed  of  10 *  cm/s.  Sweep  length  is 
regulated  by  switching  capacitors/condensers  in  the  circuit  of  anode 
and  cathode  of  tube  L,. 

Trigger  pulse  from  amplifier  L,  enters  modulator  of  calibrator 
L».  For  obtaining  the  calibration  markers  are  two  sine  wave 
oscillators  (L,  and  L,,  L,).  Working  oscillator  frequency  200  and  500 
MHz,  which  corresponds  to  the  duration  of  oscillogram  time  marks  5  and 
2  ns. 


As  example  of  trigger  circuit  and  sweep  oscillator  on  thyratron 
let  us  examine  unit  of  starting  and  scanning  high-speed  pulse 
oscillograph  [185]. 
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Fig.  10.21.  Schematic  of  high-speed/high-velocity  oscillograph. 

Key:  (1).  kV.  (2).  in.'  (3).  us.  (4),  Illumination.  (5).  MHz. 

Page  548. 

Fig.  10.22  gives  the  simplified  circuit  of  the  scan  unit  and 
calibrator  of  oscillograph. 

Here  starting  system  consists  of  amplifier  of  external  trigger 
pulses  Ln,  blocking  oscillator  Lia,  which  operates  in  waiting  or 
auto-oscillating  modes,  and  cathode  followers  L, .  Cathode  follower 
Lai  serves  for  the  starting  of  thyratron  L,.  Cathode  follower  L21  and 
delay  line  serve  as  the  channel  of  synchronizing  pulses  for  the 
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starting  from  the  oscillograph  of  the  external  pulse  generators,  which 
work  both  on  the  thyratrons,  and  on  the  hard  tubes.  From  the  same  the 
helmet  yes  is  taken  the  trigger  pulse  of  thyratron  L4. 

Scanning/sweep  pulses  are  formed/shaped  in  two  cascades/stages, 
which  work  on  finger  thyratrons  of  type  TGI 1-3/1.  Cascade/stage  on 
the  thyratron  L,  is  intended  for  obtaining  the  scanning/sweep  with 
duration  of  15.50  and  100  ns  and  impulse  shaping  of  the  illuminat ion 
of  the  straight/direct  course  of  ray  of  oscilloscope  tube.  The 
linearly  changing  sweep  voltage  is  formed/shaped  with  the  aid  of 
integrating  LCR-networks  (S  10.3),  to  the  input  of  which  is  supplied  a 
drop  in  the  voltage  with  the  steep  front,  a  drop  in  the  voltage. is 
removed/taken  from  the  peak  transformer,  which  is  located  in  the 
cathode  circuit  of  thyratron.  The  forming  cable,  connected  to  the 
anode  circuit  of  thyratron,  is  charged  through  the  choke/throttle  and 
the  effective  resistance.  It  ignites  after  the  admission  of  trigger 
pulse  on  the  grid  of  thyratron  and  cable  is  discharged  through  the 
resistor/resistance,  equal  to  the  wave  impedance  of  the  cable: 

P-=/?T  +  tf\ 

where  Rx  -  resistor/resistance  of  the  open  thyratron;  R'  -  cathode 
load  of  the  thyratron 

__ _ _ . 

nj  +R,< ,'«H> 

here  n,-w3lw,.  n2-w'2lw\  -  the  transformation  ratios  of  pulse  wide-band 
transformer  relative  to  output  on  the  integrating  circuits  and  ) 

relative  to  output  to  cathode  resistor/resistance  /?,,  of  the  circuit  of 
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illumination,  v»,  v2,  w'i  -  number  of  turns  in  primary  and  secondary 
windings,  R  -  effective  resistance  of  the  integrating  circuits. 


Fig.  10.22.  Schematic  diagram  of  an  oscillograph  with  thyratron  sweep 
oscillators. 

Key:  (1).  in.  (2).  kV.  (3).  <xH.  (4).  Output.  (5).  Output. 

(6).  MHz.  (7).  Illumination. 
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Value  of  drop  in  output  potential  of  integrating  circuit  will  be 

/  • _ if.- _ / /  \  a, 111 _ 

where  E  -  voltage  of  anodic  supply; 

-  voltage  drop  across  open  thyratron. 

Transformation  ratios  is  expedient  to  take  as  equal  to  nx>l  and 
n,<l.  The  identification  of  the  parameters  of  the  integrating 
circuits  is  conducted  taking  into  account  expression  (10.20)  in  the 
assigned  sweep  length  For  this  it  is  necessary  to  assign  the  value 
of  resistor/resistance  of  R“RX+Rlf  where  Rx  and  Rx  - 
resistors/resistances  in  each  arm  of  scanning/sweep.  The  value  of 
resistor/resistance  R  for  any  sweep  length  remains 
constant/ invariable.  During  the  calculation  of  the  integrating 
circuits  for  the  minimum  sweep  length  (10-15  ns)  should  be  increased 
time  tv  by  the  value  of  the  ionization  time  of  the  thyratron,  used  in 
the  diagram. 


'£>0£-»  $$0  767,3  / 


A  change  in  scanning  speed  is  conducted  by  switching  integrating 
circuits.  In  this  case  it  is  simultaneously  necessary  to  change  the 
length  of  the  forming  cable  for  changing  the  duration  of  the  pulse  of 
the  illumination,  which  from  the  second  output  of  peak  transformer 
enters  control  electrode  of  oscilloscope  tube.  In  gap/interval 
0< where  /„„„  -  ionization  time  of  thyratron,  scanning/sweep  has 
*he  nonlinear  section,  which  must  not  be  utilized.  In  this  diagram 
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this  section  of  scanning/sweep  is  not  illuminated,  since  the  pulse  of 
illumination  has  rise  time  of  front,  the  approximately  equal  to  the 
ionization  time  of  thyratron. 

Relatively  low  maximum  sweep  frequency  is  the  main  disadvantage 
in  diagram  on  thyratron.  The  application  of  a  choke  in  charging 
circuit  of  cable  provides  the  stable  operation  of  diagram  (without  the 
repeated  ignitions  of  thyratron)  to  the  frequency  of  10  kHz.  The 
adjustment  of  sweep  frequency  during  the  internal  starting  is 
conducted  by  changing  the  frequency  of  blocking  oscillator.  The 
synchronization  of  blocking  oscillator  in  the  mode  of  frequency 
division  is  possible  during  the  external  starting  of  oscillograph.  As 
a  result  of  this  it  is  possible  to  investigate  the  pulses,  which 
follow  with  a  frequency  of  up  to  100  kHz,  on  the  oscillograph. 

Page  551. 

For  obtaining  high-speed  scanning,  which  reaches  a  rate  of  2 
cm/ns,  (i.e.,  4  ns  to  diameter  of  tube  face  10L0101M),  there  is  used  a 
second  thyratron  cascade/stage  L«,  assembled  according  to  the 
schematic  diagram  given  in  Fig.  10.17.  The  pulse  synchronization  of 
illumination  and  high-speed  scanning  is  achieved  by  the  adjustment  of 
grid  bias  on  both  thyratrons. 

Unit  of  calibrator  of  oscillograph  consists  of  pulse  amplifier 
Lta  and  sine  wave  oscillators  with  frequency  of  200  MHz  (on  Llt)  and 
500  MHz  (on  tube  L«). 
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As  is  evident,  a  diagram  of  the  scan  unit  on  the  thyratron  is 
sufficiently  simple,  since  starting  system  has  only  one  blocking 
oscillator  and  cathode  follower,  and  pulse  generator  of  illumination 
and  sweep  oscillator  are  combined  in  one  cascade/stage  on  thyratron. 
the  oscillography  of  pulses  by  duration  on  the  order  of  0.1  ns  and 
less  thyratron  diagram  they  are  not  applicable  due  to  the  insufficient 
stability  of  triggering  time.  In  this  case  the  more  compound  circuits 
of  starting  system  and  sweep  oscillator,  carried  out  on  the  electron 
tubes,  are  used.  Fig.  10.23  gives  the  simplified  circuit  of  the  unit 
of  starting  system  and  sweep  oscillator  of  very  high  speed  pulse 
oscillograph  [187],  intended  for  the  investigation  of  the  repetitive 
pulses  of  high  voltage  with  a  duration  on  the  order  of  10' 10  s. 

Generator  of  starting  is  assigning  blocking  oscillator  L,.  It 
can  work  in  the  mode  of  auto-oscillations  or  in  the  mode  of  external 
pulse  sinchronizat ion  of  both  polarities.  With  the  external 
synchronization  is  utilized  input  cascade  L,.  The  operating  mode  is 
selected  depending  on  the  special  features  of  the  diagrams  being 
investigated  and  their  triggering  time.  Positive  pulses  of  the  master 
oscillator  enter  the  cathode  followers  L,,  from  the  output  of  which 
there  are  taken  the  trigger  pulses  of  the  diagrams  being  investigated 
and  positive  pulse,  supplied  to  the  input  of  the  cascade/stage  of 
electronic  delay  L,.  The  cascade  of  the  continuously  adjustable  delay 
is  necessary  for  the  coincidence  in  the  time  of  the  pulse  being  ^ 

investigated  and  scanning/sweep.  To  achieve  this  with  the  aid  of  a 
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change  in  the  bias  voltage  on  the  subsequent  cascades  of  starting  is 
impossible,  since  the  noticeable  instability  of  triggering  time  of 
diagram  can  arise  - 
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high  speed  pulse  oscillograph. 

Key:  (1).  V.  (2).  kV.  (3).  Illumination.  (4).  Choke.  (5). 

Input  of  trigger  pulses.  (6).  Output  of  trigger  pulses. 


Page  553. 

The  grid  biases  of  tubes  of  the  cascades  of  starting  must  be 
thoroughly  selected  and  fixed. 


Subsequent  two  cascades  L,  and  L,  -  two  blocking  oscillators,  are 
intended  for  consecutive  increase  in  steepness  of  front  of  trigger 
pulse.  On  half  of  tube  Lt  is  assembled  the  buffer  stage,  which  unties 
blocking  oscillators.  Prom  the  output  of  the  second  blocking 
oscillator  is  removed/taken  the  pulse  by  the  duration  of  50  ns  with 
the  front  with  the  duration  of  15  ns.  This  pulse  enters  the 
modulating  electrode  of  oscilloscope  tube  for  the  illumination  of 
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ray/beam  and  the  input  of  power  amplifier  L7.  From  the  plate  load  of 
power  amplifier  the  pulse  of  negative  polarity  with  an  amplitude  of  3 
kV  and  a  duration  of  the  front  of  15  ns  enters  the  input  of  the 
nonlinear  forming  line  or  the  cable  of  delay. 

For  obtaining  high-speed  scanning  with  a  duration  of  5  ns  from 
output  of  cable  of  delay  linearly  changing  voltage  due  to  frontal  part 
of  pulse  is  removed/taken.  In  this  case  for  the  scanning/sweep  is 
isolated  the  linear  part  of  the  pulse  edge. 

For  obtaining  very  high  speed  scanning/sweep  with  duration  of 
0.5-1  ns  nonlinear  forming  line  with  ferrite,  connected  according  to 
diagram,  given  in  Fig.  10.18,  is  used.  In  the  line  is  formed/shaped 
the  stationary  shock  electromagnetic  wave  with  the  front  with  a 
duration  of  1-2  ns  and  with  an  amplitude  of  about  2  kV.  The  steepness 
of  front  changes  in  the  dependence  on  the  number  of  utilized  cells  of 
the  forming  artificial  line.  For  the  scanning  part  of  the  shock  wave 
front  (linear)  is  utilized,  which  is  provided  with  the  aid  of  the 
controlled  delay  of  the  starting  of  diagram,  the  displacement  of 
scanning  along  the  axis  X  and  the  proper  illumination  of  the  beam.  As 
a  result  from  the  load  of  the  forming  line  is  removed/taken  paraphase 
scanning/sveep  by  the  duration  of  1-0.5  ns.  Delay  time  of  the  forming 
lines  is  equal  the  delay  time  of  the  segment  of  cable  RKZ-400, 
utilized  in  obtaining  of  scanning/sweep  with  a  duration  of  5  ns. 

Forming  line  is  artificial  delay  line,  which  consists  of 
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LC-cells,  inductance  coils  of  which  are  wound  around  ferrite  rings  of 
type  VT-5  with  outer  diameter  of  3  mm.  The  calculation  of  this  line 
is  conducted,  as  it  is  indicated  into  S  4.3. 

Page  554. 

In  trigger  circuit  of  oscillograph  several  cascades  work  in  mode 
of  external  starting.  For  guaranteeing  the  temporary/time  stability 
of  the  starting  of  diagram  it  is  necessary  to  select  in  each 
cascade/stage  such  value  of  bias  voltage,  with  which  the  tube  is 
opened  to  steepest  sectors  of  the  front  of  trigger  pulse. 

Furthermore,  supplies  of  power  (especially  grid  bias)  must  have  the 
high  quality  of  stabilization.  In  the  described  oscillograph  is. 
obtained  the  temporary/time  instability  of  the  beginning  of 
scanning/sweep  not  more  than  ±1.5*10' 11  s. 

10.5  Stroboscopic  method  of  oscillography . 

Stroboscopic  method  of  oscillography  is  based  on  obtaining  of 
image  of  oscillogram  of  repeating  signal  by  consecutive 
isolation/liberation  of  its  separate  sections  with  the  aid  of  very 
short-term  strobe  pulses  and  transformation  circuit.  The  essence  of 
method  is  explained  with  the  aid  of  the  oscillograms  Fig.  10.24  and 
simplest  block  diagram  of  oscillograph  (Fig.  10.25).  The  periodic 
sequence  of  the  pulses  being  investigated  enters  the  input  of 


converter. 
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Fig.  10.24.  Voltage  oscillograms:  a)  pulse  being  investigated;  b) 
strobe  pulse;  c)  pulse  at  output  of  circuit  of  converter. 
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Simultaneously  entering  into  the  converter  are  auxiliary 
so-called  strobe  pulses  (gate  pulses)  of  very  short  duration  /,.  occurs 
inequality  *«•  The  repetition  period  of  gate  pulses  7,.  differs 
somewhat  from  the  repetition  period  of  the  pulse  T  being  investigated. 
If  the  first  gate  pulse  is  synchronized  since  the  beginning  of  the 
signal  being  investigated,  then  each  following  gate  pulse  is 
shifted/sheared  in  the  time  relative  to  signal  to  the  interval  of  time 
At,  called  the  step/pitch  of  reading.  In  this  case  occurs  inequality 
At«T. 


Generally  speaking,  repetition  frequency  of  gate  pulses  Fr  can 
into  whole  number  of  times  differ  from  repetition  frequency  of  signal 
F.  It  is  necessary  only  so  that  the  repetition  period  of  gate  pulses 
would  be  more  than  the  duration  of  signal  so  that  with  each  of  the 
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repeating  signals  one  gate  pulse  would  coincide. 

As  a  result  of  effect  of  signal  and  gate  pulse  on  converter  at 
its  output  is  formed  a  pulse  only  at  the  moment  of  coinciding  of 
signal  and  gate  pulse.  The  value  of  output  pulse  proves  to  be 
proportional  to  the  instantaneous  value  of  signal  at  the  moment  of  the 
admission  of  gate  pulse.  In  the  interval  of  time  /p  (Fig.  10.24c), 
equal  to  nTc,  will  be  isolated  with  n  of  the  pulses,  whose  amplitude 
corresponds  to  the  value  of  signal  at  different  points  in  entire 
interval  of  its  duration  This  process  is  repeated  periodically. 
Pulses  at  the  output  of  the  converter  are  expanded  and  then  are 
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Fig.  10.25.  Simplified  block  diagram  of  stroboscopic  oscillograph. 
Key:  (1).  Synchronizing  pulse.  (2).  Shift  circuit.  (3).  Sweep 
oscillator.  (4).  Gate  generator.  (5).  Signal.  (6).  Converter. 
( 7 ) .  Expander  and  amplifier . 
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If  we  synchronize  the  scanning  of  the  beam  of  oscilloscope  tube 
synchronize  with  the  onset  of  an  initial  gate  pulse  and  to  ensure  the 
illumination  of  ray/beam  only  at  the  apex/vertex  of  the  expanded 
pulses,  then  the  points  which  form  the  image  of  the.  oscillogram  of 
signal  will  be  observed  on  the  screen/shield  of  oscilloscope  tube. 


Thus,  in  the  oscillograph  it  is  necessary,  in  the  first  place,  to 
synchronize  scanning  of  the  beam  with  that  investigated  of  signals  and 
to  make  its  duration  of  equal  to  nT?  in  the  second  place,  to 
synchronize  since  beginning  of  scanning/sveep  first  gate  pulse  and  to 
ensure  with  the  aid  of  circuit  of  automatic  shift  synchronous  with 
scanning/sweep  change  in  delay  of  gate  pulse;  thirdly,  with  the  aid  of 
converter  to  obtain  output  pulses,  whose  amplitude  is  proportional  to 
instantaneous  values  of  signal  corresponding  to  them  in  time.  Then  on 
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the  oscilloscope  face  is  observed  the  signal  being  investigated, 
transformed  in  the  time  with  the  coefficient 


Consequently,  signal,  reproduced  on  tube  face  on  points,  is 
dilated/extended  in  time  into  m  of  times  and  in  so  many  once  decreases 
rate  of  change  in  value  of  signal,  and  this  means  that  in  so  many  once 
decreases  upper  cut-off  frequency  of  active  width  of  spectrum  of 
signal . 

Since  phenomena  of  expansion  of  signal  and  decrease  of  cut-off 
frequency  of  its  spectrum  are  mutually  dependent,  then  for  obtaining 
the  image,  which  corresponds  to  a  waveform,  in  stroboscopic 
oscillograph  after  converter  it  is  possible  to  use  low-pass  filter 
with  cutoff  frequency  of  F/2.  For  the  same  it  is  possible  to  use  the 
storage  device/equipment,  which  increases  the  duration  of  output 
pulses,  since  considerable  time  7=  r •  is  passed  between  the 
moments/torques  of  the  reproduction  of  the  adjacent  sections  of  signal. 
The  second  method  is  more  preferable,  since  here  there  are  no 
distortions,  connected  with  the  overlap  of  spectral  components  of 
serrated  signal  at  the  output  of  converter,  which  prove  to  be  in  the 
filter  pass  band. 


Usual  narrow-band  linear  amplifiers  are  used  after  expander  of 


pulses . 
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The  latter  have  a  small  inherent  noise  level,  which  makes  it  possible 
with  the  appropriate  amplification  factor  to  observe  low  in  the  signal 
amplitude.  As  a  result  the  sensitivity  of  stroboscopic  oscillograph 
proves  to  be  the  high  with  a  sufficient  effective  bandwidth. 


Quality  of  reproduction  of  waveform  is  determined  to  a 
considerable  degree  by  number  of  points  Csections),  from  which  is 
comprised  image.  For  the  reproduction  of  the  larger  possible  number 
of  the  harmonic  components  of  the  spectrum  of  the  signal  being 
investigated  necessarily  that  the  oscillogram  would  be  represented  by 
the  largest  possible  number  of  points.  For  this  it  is  desirable  to 
have  the  high  repetition  frequency  of  signal  and  the  low  sweep 
frequency  of  ray/beam,  in  other  words,  the  step/pitch  of  reading  At  it 
must  be  small.  If  the  repetition  frequency  of  signal  is  small,  for 
example,  it  is  equal  to  hundreds  of  hertz,  then  the  sweep  frequency  of 
ray/beam  must  be  equal  to  several  hertz.  Therefore  for  obtaining  the 
possibility  of  observing  the  signals  with  the  small  repetition 
frequency  oscilloscope  tube  must  have  a  screen/shield  with  the  long 
afterglow,  otherwise  the  initial  part  of  the  image  will  already  prove 
to  be  indistinguishable. 

10.6.  Quality  of  reproduction  and  the  resolution  of  stroboscopic 
oscillograph. 


It  follows  from  an  examination  of  the  stroboscopic  method  of 
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oscillography  that  for  qualitative  signal  reproduction  it  is  necessary 
to,  first  of  all,  convert  it  without  distortions.  Therefore  the 
schematic  of  converter  must  be  sufficient  wide-band  and  not  introduce 
noticeable  nonlinear  distortions.  Furthermore  the  gate  length  and  the 
step/pitch  of  reading  must  be  found  in  the  dependence  on  the  assigned 
range  of  the  durations  of  the  signals  being  investigated. 

Depending  on  the  required  broad-band  character  of  oscillograph 
schematics  of  converters  can  be  constructed  on  electron  tubes  or 
semiconductor  diodes.  Fig.  10.26a  gives  the  schematic  of  converter 
and  its  equivalent  diagrams  (Fig.  10.26b  and  c),  which  correspond  to 
the  moment/torque  of  reading  and  to  period  after  the  supply  of  gate 
pulse  [198].  Signal  is  supplied  to  control  electrode,  and  the  gate 
pulse  of  negative  polarity  -  to  the  cathode. 

Page  558. 

In  the  case  of  applying  the  semiconductor  diode  the  signal  and  gate 
pulse  are  supplied  to  its  input. 

For  the  moment  of  reading  according  to  the  equivalent  diagram 
(Fig.  10.26b)  we  have 

w(0-  jV (/><//. 

«V)  =  S(/)-irc 

fy  i 

3 


whence  we  obtain  differential  equation  of  converter 
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«(/)=  npnO</</c.  (10.24) 

0 

Key:  (1).  with. 

Converter  is  nonlinear  diagram;  however,  frequently  mode  of  its 
operation  proves  to  be  by  such  that  it  is  possible  to  count  conversion 
diagram  of  linear,  so  forth  S(t)*S=const. 


t". 

a> 


Fig.  10.26.  Schematic  diagram  of  converter  (a);  its  equivalent 
diagram  corresponding  to  moment  of  reading  (b)  and  to  moment  after 
reading  (c). 

Key:  (1).  Input  of  signal.  (2).  Output.  (3).  Input  of  strobing. 
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Actually,  if  the  signal  being  investigated  is  small,  and  gate  pulse  is 
selected  such  value,  that  at  the  moment  of  reading  the  tube  works  in 
the  linear  conditions,  then  in  general  form  expression  for  output 
potential  of  converter  for  the  time  of  action  of  gate  pulse  will  be 

«(/.)  =  4  J  f(0dt,  (I0.2o) 

here  moment/ torque  corresponds  to  the  center  section  of  the  gate 
pulse. 

For  evaluation/estimate  of  quality  of  reproduction  on 
stroboscopic  oscillograph  of  periodic  signal  of  arbitrary  form  it  is 
necessary  to  establish/install,  with  what  accuracy  function  u(tx)  will 
correspond  to  signal  being  investigated,  assigned  by  function  uc=f( 0- 
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If  we  do  not  consider  the  effect  of  the  transformation  of  time  and  to 
consider  that  the  circuit  of  signal  after  converter  does  not  introduce 
distortions  into  the  shape  of  pulse,  then  the  image  of  signal  is 
determined  by  the  shape  of  the  envelope  of  pulses  at  the  output  of 
converter.  Expanding  in  expression  (10.25)  integrand  f(t)  into  the 
Taylor  series  and  producing  conversions,  it  is  possible  to  obtain 


[199] 


« ('■>=•  f  [«'.»+  Cr/q?]. 


where  (^  — /c/2)  <  <' <  (<,  +  W2)- 

Absolute  error  in  reproduction  of  any  point  (section)  of  function 
f(t)  can  be  approximately  determined  in  value  of  this  second  addend 
expression,  i.e. 

si,.,  rto  y  no 
'  2^2  J  :*!  ’ 
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For  evaluation/estimate  of  distortion  of  shape  of  pulse  being 
investigated  it  is  more  expedient  to  use  ratio  of  absolute  error  to 
amplitude  of  output  pulse  (or  to  peak-to-peak) ,  i.e.,  by  expression 


v  = 


V  f'Vntoc) _  (10.26) 


~2~  lfV«n)  -  /(^«IIb)J 


where  /M#llc  -  moment  of  time,  which  corresponds  to  maximum  voltage  of 
pulse; 
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/»,im  ~  moment  of  time,  which  corresponds  to  minimum  voltage  of 
pulse; 

-moment  of  time,  which  corresponds  to  maximum  value  second 
derivative  shape  of  pulse. 


Using  formula  (10.26),  it  is  possible  with  assigned  shape  of 
pulse  f(t)  being  investigated  to  find  necessary  gate  length,  in  which 
distortions  of  reproduction  of  shape  of  pulse  correspond  to  assigned 
error  v.  Thus,  if  the  video  pulse  being  investigated  has  bell-shaped 

W 

form  f(t)=r.A<rul\  then  it  is  easy  to  show  that  /"(/'Ma..c)~ 4.1<7 e  2.  Then, 
after  assigning  the  accuracy  of  reproduction  of  pulse  in  10%  i.e. 
i>*0.1  we  find 


The  hence  required  gate  length  must  be  not  more 


Besides  selection  of  gate  length  it  is  necessary  for  qualitative 
signal  reproduction  to  have  sufficient  number  of  points,  from  which  is 
composed  image,  i.e.  to  select  step/pitch  of  reading.  Obviously, 
representation  about  the  signal  there  will  be  the  more  complete,  the 
greater  the  points  we  on  it  count.  In  connection  with  this  it  is 
necessary  to  check,  is  it  possible  to  decrease  the  step/pitch  of 
reading  to  any  value  convenient  to  us.  It  is  shown  [199]  that  the 
decrease  of  the  step/pitch  of  reading  in  comparison  with  the  gate 
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length  is  limited  to  following  inequality: 


t  c 


m 


(y)'  r  «)/« 
-V.'W'W '12 


where 
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(10.27) 


Determination  of  minimum  step/pitch  of  reading  according  to  this 
formula  is  impossible,  since  usually  is  not  previously  known  form  of 
signal  being  investigated.  But  for  the  series/row  of  radio  signals  it 
is  possible  to  previously  establish/install  some  limiting  values  of 
derivatives  and  to  use  formula  (10.27).  The  obtained  oscillogram 
shows,  what  class  includes  the  signal  being  investigated.  Virtually 
it  proves  to  be  completely  sufficient,  if  the  number  of  points  of 
reading  will  be  about  hundred  or  even  it  is  equal  to  several  ten. 


As  has  already  been  indicated  above,  quality  of  work  of 
stroboscopic  oscillograph  is  determined  to  a  considerable  degree  by 
operational  stability  of  its  fundamental  nodes.  Is  required  the 
sufficiently  rigid  synchronization  of  the  onset  of  the  first  gate 
pulse  since  the  beginning  of  scanning/sweep  of  electron  beam  and  the 
beginning  of  the  signal  being  investigated.  Furthermore,  is  necessary 
the  stable  shift/shear  of  gate  pulse  (synchronization  of  the 
step/pitch  of  reading). 


The  signal  itself  being  investigated  sometimes  is  the  fundamental 
synchronizing  pulse.  In  this  case  the  signal  is  supplied  to  the 
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converter  through  the  cable  of  delay.  The  delay  time  of  cable  is 
determined  by  triggering  time  of  the  cascades/stages  of  the  formation 
of  gate  pulse.  However,  the  application  of  a  cable  in  the  circuit  of 
signal  leads  to  signal  distortion,  i.e.,  worsens/ impairs  time 
resolution.  Furthermore,  the  presence  of  the  drive  circuits  in  the 
channel  of  the  formation  of  gate  pulse,  which  include  several 
cascades/stages,  is  connected  with  the  limitation  of  the  rigidity  of 
synchronization  due  to  the  instability  of  triggering  time  of  the 
waiting  electronic  circuits,  whose  reason  has  already  been  examined 
during  the  analysis  of  the  methods  of  obtaining  the  high-speed 
scannings  (S  10.3). 

Time  resolution  of  stroboscopic  oscillograph  affects  also  finite 
time  of  establishment  of  transient  processes  in  converter.  Examining 
the  case  of  effect  on  the  signal-data  converter  in  the  form  of  a  drop 
in  voltage  of  low  value  U,  and  gate  pulse  of  triangular  form  by 
duration  on  foundation  tc  (Fig.  10.27),  we  will  consider  that  the 
diagram  works  in  the  linear  conditions,  i.e.,  S(t)-S=const. 
Furthermore,  is  not  considered  the  effect  of  the  form  of  gate  pulse 
and  in  the  changed  its  duration  with  a  change  signal  amplitude. 

Page  562. 

Then,  as  it  was  shown  above,  for  output  potential  of  converter  we  have 

<.+'c  * 

11  (0=^-§-  [  ucdt. 

1,-1 c/2 


) 
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If  a  drop  in  voltage  enters  the  input  of  converter  at  moment  t0 
so  that 


(l, +  t)' 

/.+/c/2 


I. 


*•  )' 


For  case 


we  have 


/.+/e/2 

u  (/,)=-§■  J  Ucdt=Ul*±'  (10.28) 

Thus,  in  the  case  of  linear  conditions  of  work  of  converter  time 
of  establishment  of  transient  response  of  diagram  cannot  be  more  than 
gate  length. 
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Fig.  10.27.  Oscillograms:  a)  drop  in  voltage  at  input  of  converter; 
b)  strobe  pulse  u';  c)  drop  in  output  potential  of  converter. 
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Since  in  the  general  case  the  converter  is  nonlinear  system,  then  for 
the  evaluation/estimate  of  the  time  of  the  establishment  of  diagram 
with  the  large  signals  already  it  is  not  possible  to  use  the  transient 
response  of  diagram  and  the  method  of  imposition.  However,  it  is 
possible  to  consider  for  the  low  signals  in  a  number  of  cases  that  the 
diagram  works  in  the  linear  conditions,  and  then  the 
evaluation/estimate  of  the  frequency  properties  of  diagram  [198]  is  of 
interest. 

Let  us  assume  that  being  fed  to  the  input  of  diagram  is  a 
harmonic  signal  of  small  amplitude.  Let  us  find  the  ratio  of  the  value 
of  output  potential  of  converter  at  a  certain  frequency  u  to  the  value 
of  output  voltage  at  the  low  frequency.  If  to  the  input  linear 
(S«const)  converter  there  is  fed  a  sine  voltage  =  Uc sin i»t,  then  output 

potential  for  the  time  of  action  of  the  gate  pulse 
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u(t ,) 


I. +1,'! 


ues 

c 


sin  u >tdt  ~— 


-n‘s  sin  ^£-  sin  <oi 

uiC  2 


(10.29) 


here  moment/torque  tx  corresponds  to  the  center  section  of  the  gate 
pulse,  whose  form  it  is  expedient  to  assume  triangular.  The 
divergence  of  electron  beam  of  oscilloscope  tube  there  will  be  to  the 
proportionally  obtained  value  of  output  voltage.  Since  the  beam 
deflection  at  the  low  frequency  Y(0)  according  to  (10.29)  proves  to  be 
proportional  to  value  SUctc/C,  the  ratio  of  the  deflection  of  the  beam 
of  tube  Y (u)  at  the  frequency  u  to  divergence  of  Y(0)  will  be 

Y( *>)  _ sin  a>fr/2  (10  30) 

no*-  »fc/2  • 

Hence  it  is  apparent  that  if  we  take  as  the  cut-off  frequency  of 
passband  the  frequency,  which  corresponds  to  the  level  at  3  dB,  then 
for  the  case  of  linear  conditions  of  the  work  of  converter  according 
to  (10.30)  we  obtain 


sin  Mrt^c/2 

Urp/c/2 


=  0,707 


or 

/r|,=0,45/<c* 
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(Although,  strictly  speaking,  this  system  nonlinear)  they 
sometimes  characterize  broad-band  character  of  converter  by  value 
calling  its  effective  passband  [198]. 
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It  is  necessary  to  note  that  it  is  assumed  in  all  given 
computations  that  linear  input  circuits  of  converter  are  sufficiently 
wide-band  and  do  not  introduce  distortions  into  signal  during  its 
transmission  being  investigated.  Knowing  the  time  of  the 
establishment  of  transient  processes  in  converter  /yl,  the  time  of  the 
establishment  of  input  circuits  (including  the  cable  of  the  delay, 
when  it  is)  tyi,  it  is  possible  to  estimate  the  resulting  time  of  the 
establishment 

t  =  l/’TTF. 

Temporary/ time  resolution  of  stroboscopic  oscillograph  will  be 
determined  by  value  ty,  and  also  by  absolute  value  of  instability  of 
triggering  time  of  channel  of  formation  of  gate  pulse.  Thus,  just  as 
in  the  case  of  high-speed  oscillographs,  an  increase  in  the  time 
resolution  of  stroboscopic  oscillograph  is  connected  not  only  with  the 
decrease  of  the  time  of  establishment  in  the  circuits,  but  also  with 
an  increase  in  the  stability  of  functioning  diagrams  on  the  electron 
tubes  or  the  semiconductor  devices. 

10.7.  Designs  of  converters. 

Converter  and  gate  generator  are  the  fundamental  nodes  of 
stroboscopic  oscillograph. 
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As  converter  can  be  used  cascades/stages  on  electron  tubes  and 
semiconductor  diodes,  structurally  fulfilled  in  the  form  of  extension 
caps. 


Diagrams  on  electron  tubes  are  distinguished  depending  on  method 
of  supplying  strobe  pulse  -  on  anode,  cathode  or  third  grid  of  tube. 
The  widest  use  found  the  diagram,  in  which  the  gate  pulse  of  negative 
polarity  is  supplied  to  the  cathode  of  tube  (Fig.  10.26).  In  this 
circuit  the  diagrams  of  gate  pulse  and  output  circuit  of  converter  are 
divided.  Diagram  has  a  low-resistance  input,  coordinated  with  coaxial 
cable,  on  which  is  supplied  the  signal  being  investigated.  Gate  pulse 
also  on  coaxial  cable  enters  the  low-resistance  cathode  load. 

Page  565. 

In  initial  state  tube  is  closed.  Bias  voltage  and  amplitude  of 
gate  pulse  are  selected  by  such  that  with  the  maximum  value  of  the 
voltage  of  gate  pulse  the  working  section  of  the  characteristic  of 
tube  would  be  approximately  linear.  The  amplitude  of  the  signal  being 
investigated  must  not  be  great.  The  signal  and  gate  pulse 
simultaneously  operate  at  the  moment  of  reading  on  the  tube,  and  at 
the  output  of  diagram  are  formed  the  pulses,  modulated  in  the 
amplitude  by  the  signal  being  investigated.  In  the  anode  circuit  of 
tube  is  a  parasitic  or  specially  introduced  capacitance  of  C,  which 
forms  with  resistor/resistance  R  the  integrating  circuit,  as  a  result 
of  acting  which  increases  the  duration  of  output  pulse.  Thus  occurs 
preliminary  pulse  widening,  which  then  enter  the  cascade/stage  of 
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expansion  and  the  amplifier. 

Application  in  such  schematics  of  radio-frequency  pentodes  and 
special  wide-band  tubes  makes  it  possible  to  obtain  converters,  which 
have  time  of  establishment  1-3  ns.  Obtaining  diagrams  with  the  higher 
time  resolution  is  possible  only  with  the  aid  of  the  inverter  stage, 
carried  out  in  the  form  of  coaxial  construction/design  on  the 
semiconductor  diode.  In  fig.  10.28  is  given  the  schematic  of 
converter  on  the  semiconductor  diode  and  the  characteristic  of  diode. 
Gate  pulse  must  have  a  sufficient  amplitude  in  order  to  derive  signal 
on  the  middle  of  the  working  section  of  the  volt-ampere  characteristic 
of  diode. 
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of  gate  pulse,  which  leads  to  the  distortion  of  the  process  of 
conversion,  so  the  high  speed  diode  1N263  utilized  in  the  foreign 
stroboscopic  oscillographs  has  a  reverse  recovery  time  of 
approximately  2  ns.  True,  under  the  influence  of  very  short-term  gate 
pulse  (tc-  0,2 -4- 0,3  ns)  the  base  of  diode  does  not  manage  to  be  filled  up 
with  minority  carriers  and  the  reverse  recovery  time,  apparently, 
proves  to  be  considerably  less  than  2  ns. 


For  eliminating  deficiency  in  converter  indicated  sometimes  is 
used  diffusion  diode  with  breakdown  section  of  reverse/inverse  branch 
of  volt-ampere  characteristic  (Fig.  10.29)  [201).  The  switch  time 
(decay  in  inverse  current)  of  this  diode  is  rated/estimated  by  the 
expression 


where  ti  =  (1—  2)  •  10-'1  s  -  time  of  the  retention/maintaining  current  in 
the  region  of  the  multiplication  of  carriers; 

U,  -  voltage  of  the  breakdown  of  diode; 

1/,-m  -  bias  voltage. 

Page  567. 

Value  t„  can  be  less  than  0.1  ns.  Is  desirable  bias  voltage  U„,  to 
take  considerably  less  than  the  voltage  U, ,  and  the  amplitude  of  gate 
pulse  -  sufficient  for  the  work  in  the  linear  section  of 
characteristic  in  the  region  of  the  electrical  reversible  breakdown. 
The  amplitude  of  the  signal  being  investigated  must  be  less  than  the 
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amplitude  of  gate  pulse,  so  as  to  signal  could  not  itself  discover 
diode  or  derive  it  from  the  mode,  which  corresponds  to  linear  section. 

After  termination  of  gate  pulse  capacity/capacitance  slowly  is 
discharged  through  diode  and  resistor/resistance  R  and  output  pulse 
proves  to  be  expanded  to  duration  into  several  microseconds. 

During  more  detailed  analysis  of  work  of  converter  it  is 
necessary  besides  switch  time  of  diode  to  consider  nonlinear 
distortions.  The  nonlinear  distortions,  introduced  by  converter 
(especially  with  the  work  on  the  straight/direct  branch  of  the 
characteristic  of  diode)  can  be  considerable.  The  appearing 
distortions  are  connected  with  the  fact  that  the  capacitance  of 
converter  C  for  the  length  of  gate  (if  *c<l  ns)  it  does  not  manage  to 
be  loaded  to  the  peak  value,  which  leads  to  a  change  in  the  time  of 
the  charge  of  capacity/capacitance  with  a  change  in  the  voltage  of 
signal.  Counting  the  form  of  the  gate  pulse  of  triangular  and  its 
active  duration  of  equal  to  tc a.  duration  on  the  level,  which 
corresponds  to  the  triggering/opening  of  diode  (to  corresponding 
beginning  of  the  linear  section  of  characteristic),  and  the  steepness 
of  its  front  equal  k,  it  is  possible  to  calculate  amplitude  conversion 
diagram  [201]. 
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Pig.  10.29.  Schematic  of  converter  (a);  characteristic  of  diode  and 
oscillogram  of  pulses  (b). 

Key:  (1).  Gate  pulse.  (2).  Output.  (3).  Signal. 

Page  568. 

This  characteristic  can  be  described  by  the  expression 

«.ux  =  *  ['c;./2—  tln(2  —  c  )]» 

where  the  time  constant  of  the  circuit  of  the  charge  of 
capacity/capacitance  r-(R;v+  /?a_  the  resistor/resistance  of 

diode;  R.,  -  the  line  impedance  of  transmission  at  the  entrance  point 

to  the  converter. 

Converter  with  semiconductor  diode  will  have  linear  amplitude 
characteristic  when  to  carry  out  this  inequality  in  practice  is 

difficult.  The  use  of  a  diffusion  diode  in  the  operating  mode  proves 
to  be  most  favorable  on  the  reverse/inverse  branch  of  volt-ampere 
characteristic.  This  diode  has  a  small  transfer  capacitance  (about 
0.3  pF)  and  therefore  resulting  capacity/capacitance  of  C',  formed  by 
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the  series  connection  of  passage  Cn  and  fundamental  C  of 
capacities/capacitances,  it  decreases  to  10  pP.  There  cannot  be 
considerably  decreased  the  fundamental  capacitance,  since  capacitive 
voltage-divider  is  formed,  as  a  result  of  which  the  signal  is 
transmitted  to  the  output  and  in  the  absence  of  gate  pulse. 
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Fig.  10.30.  Device  of  converter  (a)  and  its  equivalent  diagram  (b). 
Key:  (1).  Input  of  signal.  (2).  Output.  (3).  Input  of  gate 

pulse.  (4).  Diode. 


Page  569. 


Structurally  the  converter  is  fulfilled  in  the  form  of  coaxial 
system,  matched  at  the  input  and  output.  Fig.  10.30  gives 
diagrammatic  representation  of  converter  with  point  type  special 
semiconductor  diode  from  gallium  arsenide  [200].  Diode  is  installed 
between  the  internal  and  external  conductors  of  the  coaxial  line, 
which  has  the  wave  impedance  of  50  ohms.  The  decrease  of  the  inside 
diameter  of  line  in  the  point  of  connection  of  diode  serves  for  its 
best  agreement  with  the  line. 


In  this  converter,  which  works  are  somewhat  unique,  small 
capacitance  of  C, ,  which  is  formed  between  housing  of  the  diode  and 
external  conductor,  simplest  low-frequency  filter  is  created  together  3 
with  resistor/resistance  at  output  of  converter.  The  application  of  a 
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filter  of  RC-type  and  mode  of  direct  detection  on  the 
capacity/capacitance  of  converter  makes  it  possible  to  considerably 
raise  the  time  resolution  of  oscillograph. 


For  realization  this  reading  of  signal  it  is  obtained  due  to 
difference  in  repetition  periods  of  signal  and  gate  pulse  AT,  which  is 
very  stable.  This  is  reached  by  applying  two  generators  with  the 
quartz-crystal  control,  which  synchronize  the  work  of  gate  generator 
and  generator  of  the  signal  being  investigated.  The  time  constant  of 
the  RC  network  of  converter  is  selected  in  such  a  way  as  to  remove 
high-  frequency  pulsations,  but  not  to  distort  the  pulse  edge.  This 
is  fulfilled,  since  value  AT  is  more  than  to  two  orders  of  less  than 
the  resolution  of  oscillograph.  Fig.  10.31  shows  the  oscillogram  of 
voltage  u,  on  the  capacity/capacitance  of  converter  and  voltage  of 


gate  pulse  u 


DOC  =  88076731 


PAGE  X, 


Fig.  10.31.  Oscillograms  of  voltage  Uj  on  capacity/capacitance  and 
of  gate  pulse  u2. 

Page  570. 

As  can  be  seen  from  figure,  the  operating  time  of  converter  t'  is  much 
less  than  the  length  of  gate  tc ,  since  capacity/capacitance  of  C0  only 
insignificantly  is  discharged  from  one  pulse  to  the  next.  Because  of 
this  mode  of  the  work  of  converter  the  time  resolution  reaches  the 
value  of  0.06  ns  [200]. 

However,  this  method  of  oscillography  has  essential  deficiency, 
which  consists  in  the  fact  that  to  investigate  it  is  possible  signal 
only  with  completely  specific  strictly  fixed/recorded  frequency,  which 
must  be  sufficiently  high  moreover,  (not  less  than  10  MHz).  In  the 
case  of  another  repetition  frequency  of  signal  the  new  clock  frequency 
of  gate  generator  is  necessary,  i.e.,  the  new  pair  of  generators  with 
the  quartz-crystal  control  is  necessary. 

Stroboscopic  oscillograph  can  be  used  and,  also,  for  observing 
pulse  envelope  and  their  high-frequency  filling.  The  carrier 
frequency  of  the  radio  pulses  of  nanosecond  duration  reaches  tens  of 
gigahertz  and  therefore  converter  is  fulfilled  in  the  form  of 
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waveguide  section.  Fig.  10.32  gives  the  drawing  of  this  converter 
[202].  Converter  consists  of  the  germanium  diode,  installed  into  the 
waveguide  so  that  it  is  arranged/located  perpendicularly  to  the 
direction  of  propagation  of  waves  in  the  waveguide.  Diode  is 
connected  with  the  umbilical  connectors,  fastened/strengthened  to  the 
walls  of  waveguide.  Gate  pulse  is  fed/conducted  along  the  cable  to 
the  cathode  of  diode.  The  anode  of  diode  is  connected  with  the  cable, 
on  which  the  pulse  from  the  output  of  converter  proceeds  to  the 
amplifier  of  usual  oscillograph. 
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Fig.  10.32.  Dev ice/ equipment  of  converter  in  the  form  of  waveguide 
with  semiconductor  diode. 

Key:  (1).  Input  of  signal.  (2).  Collar.  (3).  Output.  (4). 

Cable  connector.  (5).  Diode.  (6).  Waveguide.  (7).  Input  of  gate 
pulse.  (8).  Coupling. 


Page  571. 

Pulse  signal  is  introduced  through  collar  of  waveguide  and  is 
propagated  along  latter.  The  load  of  waveguide  is  placed  at  another 
end/lead  and  serves  for  absorbing  the  signal,  which  passed  through  the 
section  with  the  diode  toward  the  end  of  the  waveguide  section. 

Signal  does  not  enter  cable,  but  gate  pulse  -  into  the  waveguide, 
since  the  critical  value  of  the  frequency  of  waveguide  and  cable  does 
not  make  it  possible  for  signal  to  be  propagated  in  the  cable,  but  to 
pulse  -  in  the  waveguide.  The  time  constant  of  output  circuit  of 
converter  of  approximately  1  ms  is  determined  by  the  parameters 
parallel-connected  capacity/capacitance  of  output  cable,  back 
resistance  of  diode  and  by  input  resistance  of  amplifier,  which  is 
located  on  the  output  of  converter.  Time  constant  is  great  in 
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comparison  with  the  repetition  period  of  pulses  and  is  low  in 
comparison  with  the  period  of  scanning/sweep  of  oscillograph. 

Therefore  possible  to  utilize  this  circuit  for  the  accumulation  of 
information  from  one  section  of  the  reading  of  oscillogram  to  another. 

10.8.  Generators  of  strobe  pulses. 

As  noted  above,  quality  of  reproduction  time  resolution  of 
stroboscopic  oscillograph  together  with  broad-band  character  of 
circuits  of  converter  is  determined,  mainly,  by  gate  length. 

Therefore  depending  on  requirements  for  the  resolution  it  is  necessary 
to  select  the  appropriate  oscillator  circuit  of  gate  pulse.  If 
instrument  is  designed  for  the  band  to  several  hundred  megahertz,  then 
there  can  be  used  the  vacuum-tube  circuits  of  gate  generators,  which 
make  it  possible  to  obtain  pulses  by  the  duration  of  the  order  of 
nanosecond  and  somewhat  less.  The  amplitude  of  gate  pulse  usually 
comprises  the  units  of  volts  or  the  tenths  of  volt. 

Therefore  as  gate  generator  it  is  possible  to  utilize  diagrams  of 
formation  of  nanosecond  pulses  on  tubes  of  secondary  emission  and 
blocking  oscillators  with  consecutive  peaking.  The  diagrams,  which 
contain  limiters  and  differentiating  circuits  on  the  coaxial  lines, 
are  frequently  the  output  stages  of  the  diagram  of  the  formation  of 
gate  pulses. 
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With  operation  of  the  oscillograph  at  high  repetition  frequencies 
in  number  of  cases  master  oscillators  with  quartz-crystal  control  and 
diagrams  of  frequency  multiplication  are  used.  The  formation  of  gate 
pulses  then  is  realized  with  the  aid  of  the  sufficiently  simple 
vacuum-tube  circuits  or  the  diagrams  on  the  semiconductor  diodes. 

Sufficiently  simple  diagrams  of  formation  of  gate  pulses  can  be 
obtained  in  the  case  of  using  sinusoidal  oscillation  as  starting 
voltage.  Fig.  10.33  gives  the  diagram  of  the  formation  of  gate  pulse 
from  the  sinusoidal  oscillation  with  the  aid  of  two  cascades/stages 
[202].  Sine  voltage  is  supplied  to  the  forming  cascade/stage  (Li) 
with  the  grounded  grid,  which  works  on  lighthouse  type  triode,  which 
has  small  anodic  and  cathode  capacities/capacitances.  After 
limitation  the  voltage  enters  the  differentiating  circuit,  in  which  is 
utilized  that  short-circuited  at  the  end/lead  of  severings  of  cable. 
The  obtained  pulse  further  enters  the  cathode  of  miniature  type 
triode,  on  which  is  assembled  the  amplifier-  limiter.  After  peaking 
the  gate  pulse  with  duration  about  0.5  ns  enters  on  coaxial  cable  the 
converter.  The  input  and  output  of  the  last  cascade  have  a 
resistor/resistance  of  50  ohms. 

If  stroboscopic  oscillograph  is  designed  for  effective  passband 
of  more  than  1  GHz,  then  the  gate  length  must  be  considerably  less 
than  1  ns.  Such  pulses  usually  are  formed/shaped  into  two  stages. 
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Fig.  10.33.  Diagram  of  formation  of  gate  pulse  from  sinusoidal 
oscillation. 

Key:  (1).  To  the  converter. 

Page  573. 

During  the  first  stage  the  blocking  oscillators  or  amplifier-limiters 
are  shaping  circuits,  while  in  the  second  stage  the  diagrams  of  pulse 
shortening  in  the  form  of  distributed  type  differentiating  circuits 
are  utilized  or  the  high  speed  semiconductor  diodes,  assembled  in  the 
coaxial  systems,  are  utilized.  During  the  first  stage  are 
formed/shaped  the  pulses  of  considerable  amplitude  with  the  steep 
front  (to  1011-1011  V/s).  Frequently  at  the  output  of  the  diagram  of 
the  first  stage  of  formation  are  utilized  pencil  type  miniature  tubes, 
which  are  assembled  in  the  coaxial  holder. 

Fig.  10.34  gives  diagram  of  second  stage  of  formation  of  gate 
pulse  [203].  The  output  tube  of  the  diagram  of  the  first  stage  of  the 
formation  of  gate  pulse  and  the  coaxial  shortening  circuit  is  shown 
here.  Output  tube  is  pencil  type  triode  5675  (analogous  in  the 
construction/design  to  Soviet  tube  6S13D) .  In  the  anode  of  this  tube 
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is  used  right-angled  junction  with  the  arms,  which  have  the  delay  time 
of  pulse,  equal  to  tt.  For  the  pulse  which  is  propagated  from  the 
anode  of  tube  into  the  line,  this  system  is  the  short-circuited 
section/segment,  as  a  result  of  which  first  pulse  shortening  occurs. 
After  attenuator  the  pulse  undergoes  secondary  shortening  due  to  the 
presence  of  short-circuited  stub  with  the  delay  time  t2.  After 
passing  the  second  attenuator  gate  pulse  it  enters  the  converter. 


) 
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Fig.  10.34.  Schematic  diagram  of  output  stages  of  gate  generator. 

Key:  (1).  V.  (2).  dB.  (3).  To  converter. 

Page  574. 

Fig.  10.35  gives  somewhat  different  design  of  the  device  for 
diagram  of  formation  of  second  stage  [20 5].  Here  in  contrast  to  the 
preceding/previous  NOT  circuit  second  short-circuited  line  and 
attenuator,  and  is  added  the  diode,  which  cuts  the  foundation  of  gate 
pulse.  In  the  single  coaxial  system  the  diagram  of  the  second  stage 
of  the  formation  of  gate  pulse  and  converter  on  the  semiconductor 
diode  is  assembled.  To  the  left  to  the  input  of  coaxial  line  from  the 
cascades/stages  of  the  diagram  of  the  first  stage  of  the  formation  of 
gate  pulse  enter  pulses  with  the  duration  of  the  order  of  several 
nanoseconds . 
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Fig.  10.35.  Dev ice/ equipment  of  coaxial  system  with  output  stage  of 
gate  generator  and  converter  (a);  equivalent  diagram  (b). 

Key:  (1).  From  cascades  of  preliminary  formation.  (2).  Diode  of 

gate  generator.  (3).  Input  of  signal.  (4).  Attenuator.  (5). 

Diode  of  converter.  (6).  Output.  (7).  From  cascades  of  formation. 
(8).  Output  to  amplifier. 


Page  575. 


Further  pulse  is  differentiated  by  the  circuit,  which  consists  of  the 
section  of  the  line,  locked  the  capacity/capacitance,  and  enters  the 
peaking  diode-limiter.  The  obtained  pulse  with  a  duration  of  less 
than  a  nanosecond  through  the  attenuator  enters  the  diode  converter. 
Simultaneously  to  the  converter  along  the  coaxial  line  comes  the  pulse 
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being  investigated.  From  the  output  of  coaxial  system  the  converted 
and  preliminarily  expanded  pulses  fall  on  amplifier. 

Fig.  10.36  shows  device/equipment  of  second  stage  of  formation  of 
gate  pulse  on  high  speed  semiconductor  diode  [204],  The  diode,  to 
cathode  of  which  is  biased  in  the  forward  direction,  it  is  assembled 
between  the  internal  and  external  conductors  of  coaxial  line.  During 
the  supplying  to  the  input  of  the  system  of  pulse  from  the 
cascades/stages  of  preliminary  formation  the  diode,  which  shunts  line, 
passes  for  the  very  small  time  interval  into  the  nonconducting  state, 
as  a  result  of  which  the  drop  in  voltage,  which  is  propagated  along 
the  line,  is  formed.  This  drop  in  the  voltage  then  is  differentiated 
with  the  aid  of  the  short-circuited  coaxial  loop  of  the  corresponding 
length.  As  a  result  at  the  output  of  coaxial  line  is  obtained  the 
pulse  by  the  duration  of  0.2  ns  with  the  the  amplitude  0.5  V. 

Section  of  coaxial  line  with  diode  and  by  short-circuited  stub  is 
isolated  from  diagram  of  shaping  of  first  stage,  on  one  hand,  and  from 
termination,  on  the  other  hand,  by  two  attenuators.  Thus  is  reached 
the  decoupling  of  line  by  cascades/stages  at  its  input  and  output. 
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Fig.  10.36.  Schematic  diagram  of  design  of  gate  generator. 

Key:  (1).  Generator.  (2).  Attenuator.  (3).  Output  of  gate  pulse 

(4).  Diode.  (5).  Loop.. 
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As  is  noted,  the  converter  and  gate  generator  are  fundamental 
wide-  band  nodes  of  stroboscopic  oscillograph.  The  remaining 
cascades/stages  of  the  schematic  of  oscillograph  are  assembled 
according  to  the  usual  diagrams,  widely  utilized  in  the  pulse 
technique.  As  an  example  let  us  examine  block  diagram  and 
designation/purpose  of  the  fundamental  nodes  of  the  series  sample  of 
the  stroboscopic  oscillograph,  which  has  effective  passband  900  MHz 
and  sensitivity  3  mV/cm  [2063. 


Fig.  10.37  gives  block  diagram  of  oscillograph.  In  the  diagram 
for  guaranteeing  the  synchronization  of  the  starting  of  units  is 
provided  besides  the  input  of  the  pulse  being  investigated  also  the 
input  of  trigger  pulse.  Converter  3  enters  the  pulse  from  the  input 
being  investigated  and  the  strobe  pulse  from  the  generator  of  strobe 
pulses  2.  From  the  output  of  pulse  converter  through  amplifier  4 
enters  the  expander  of  pulse  5  and  then  the  vertical  deflectors  of 
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oscilloscope  tube  7. 

So  that  moment  of  reading  of  signal  would  change,  being  displaced 
along  time  axis  to  value  of  step/pitch  of  reading,  the  generator  of 
strobe  pulses  must  put  out  pulses  at  strictly  defined  moments  of  time. 
For  this  there  is  a  unit  of  the  generator  of  rapid  linearly  increasing 
voltage  1  and  a  unit  6,  in  which  is  formed/shaped  the  step  voltage  and 
the  sweep  voltage  of  oscilloscope  tube. 

After  starting  of  oscillator  circuit  of  step  voltage  6  develops 
voltage,  whose  amplitude  grows/rises  by  steps/stages,  whose  value  can 
be  regulated.  Negative  voltage  from  the  output  of  this  generator 
enters  the  input  cascade  of  the  generator  of  strobe  pulses. 
Simultaneously  the  linearly  increasing  voltage  from  generator  1  comes 
the  same  cascade/stage. 
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Fig.  10.37.  Block  diagram  of  stroboscopic  oscillograph. 

Key:  (1).  Input  of  pulse  of  synchronization.  (2).  Input  of  signal. 

Page  577. 

When  the  values  of  these  voltages  become  equal,  generator  2  puts  out 
strobe  pulse  and  in  the  converter  it  occurs  the  reading  of  the  fixed 
point  of  signal.  With  an  increase  of  negative  step  voltage  the  delay 
time  of  the  delivery  of  strobe  pulse  increases  and,  thus,  is  realized 
bias/displacement  along  the  time  axis  of  the  moment  of  the  reading  of 
signal . 

Moment/torque  of  formation  of  step  voltage  in  turn  by  timed 
pulses,  which  come  from  expander  of  pulses  5.  Consequently,  the 
moment  of  the  subsequent  reading  is  synchronized  with  the  moment  of 
the  preceding/previous  reading.  The  greater  interval  of  reading  (i.e. 
the  points  of  reading  for  the  scanning  time  the  less),  the  greater  the 
amplitude  of  steps/stages,  installed  with  the  aid  of  the  appropriate 
switch  in  the  unit  of  the  generator  of  step  voltage. 

Unit  of  generator  of  rapidly  linearly  increasing  voltage  contains 
cascade/stage  of  switching  polarity  and  amplification  of  trigger 
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pulses,  the  cascade  of  starting  and  generator,  assembled  according  to 
the  diagram  similar  to  sweep  circuits  (Fig.  10.12).  The  starting  of 
generator  and  its  work  must  be  characterized  by  high  stability.  The 
stability  of  the  temporary  situation  of  the  linearly  increasing 
voltage  must  be  not  worse  than  10" 14  s. 

Unit  of  generator  of  strobe  pulses  includes  cascade/stage  of 
comparison,  input  of  which  enters  negative  step  voltage  and  linearly 
increasing  voltage..  At  the  moment  of  the  equality  of  these 
voltages/stresses  from  the  output  of  cascade/stage  enters  the  pulse  to 
the  generator  of  strobe  pulses,  which  generates  pulse  with  the 
amplitude  into  several  volts  and  a  duration  of  0.5  ns  at  the  level  of 
half  of  amplitude  value. 

Converter  is  fulfilled  in  the  form  of  coaxial  system,  into  which 
is  installed  semiconductor  diode  of  converter.  In  the  same  system  the 
latter/last  cascade/stage  of  the  generator  of  strobe  pulses,  which 
works  on  the  semiconductor  diode  is  assembled  (diagram  of  peaking).  A 
preliminary  increase  in  the  pulse  duration  occurs  at  the  output  of 
converter.  Then  pulse  enters  amplifier  4.  Amplifier  has  an 
amplification  factor,  equal  to  3000.  for  the  sufficiently  precise 
measurements  the  stability  of  amplification  is  necessary  to  0.5-1%. 

Page  578. 

After  pulse  amplifier  enters  expander.  The  expander  of  pulses 
works  on  the  principle  of  charge  of  capacitor  by  the  current  of  tube 
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during  the  action  of  pulse.  The  capacitor/condenser  is  discharged 
through  the  time  interval  with  a  duration  of  1  ms  with  the  aid  of  the 
special  discharge  lamp.  Thus,  from  the  output  of  expander  is 
removed/taken  pulse  by  the  duration  of  the  order  of  millisecond,  "tbe 
discharge  lamp  of  the  diagram  of  expander  is  controlled  by  the  pulse, 
which  comes  from  the  generator  of  strobe  pulses.  Pulse  from  the 
output  of  expander  is  supplied  to  backplates  of  oscilloscope  tube  and 
simultaneously  on  the  unit  of  the  generator  of  step  voltage. 

Unit  of  generator  of  step  voltage  consists  of  diagram  of 
formation  of  step  voltage  with  storage  capacity/capacitance, 
pulse-shaping  circuit  of  illumination  of  straight/direct  course  of  ray 
of  oscilloscope  tube  and  switch  of  capacities/capacitances,  with  the 
aid  of  which  changes  amplitude  of  steps  of  step  voltage,  for  scanning 
the  beam  of  oscilloscope  tube  the  step  voltage,  supplied  to  the 
deflector  plates  of  the  tube  through  the  appropriate  regulator  and  the 
phase  inverter  in  the  form  of  vapor  phase  voltage,  is  utilized. 

Resulting  time  resolution  of  this  oscillograph  is  determined  by 
effective  passband  of  system,  which  depends  to  a  considerable  degree 
on  gate  length,  passband  of  cable  of  delay  8,  located  on  input  circuit 
of  signal,  and  operational  stability  of  basic  sets  of  instruments.  In 
the  described  oscillograph  the  resolution  is  not  worse  than  0.5  ns. 

Considerable  attention  to  developments  of  stroboscopic 
oscillographs  of  nanosecond  range  is  paid  recently.  The  large  number  - 
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of  investigations,  in  particular  in  the  region  of  semiconductors 
(especially  tunnel  diodes),  is  connected  with  the  measurement  of  the 
very  short-term  voltages/stresses  of  low  value  [201].  The 
construction  of  the  stroboscopic  oscillographs,  which  make  it  possible 
to  record  the  very  low-power  radio  pulses  of  nanosecond  duration,  even 
more  greatly  will  expand  the  field  of  application  of  a  stroboscopic 
oscillography. 
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Chapter  Eleven. 

MEASUREMENTS  OF  PARAMETERS  OF  PULSES. 

Use  of  pulses  of  nanosecond  duration  causes  need  of  measuring 
parameters  of  these  pulses,  i.e.  their  amplitude,  duration, 
repetition  frequency  or  porosity. 

Development  of  high-speed/high-velocity  and  stroboscopic 
oscillography  makes  it  possible  increasingly  to  raise  accuracy  of  the 
determination  of  form  of  nanosecond  pulses  and  measurement  of  their 
parameters.  However,  there  is  a  range  of  values  of  the  parameters  of 
the  pulses,  whose  measurement  with  the  aid  of  the  oscillographs  it  is 
hindered/hampered  or  it  is  impossible.  In  particular,  the 
difficulties  of  the  measurement  of  the  parameters  of  the  nanosecond 
pulses  of  a  small  amplitude  are  caused,  especially  if  they  are  not 
periodically  repeating.  Furthermore,  there  is  considerable  practical 
interest  in  the  possibility  of  measuring  the  parameters  of  such  pulses 
with  the  aid  of  the  directly  indicating  instruments  (voltmeters,  the 
meters  of  small  time  intervals,  etc.),  which  make  it  possible  to  take 
a  direct  reading  of  value,  also,  with  the  larger  accuracy  than  this 
can  be  carried  out  with  the  oscillograph. 


11.1.  SPECIFIC  CHARACTER  OF  THE  MEASUREMENT  OF  NANOSECOND  PULSES. 
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Measuring  meters,  intended  for  work  in  nanosecond  range  of  pulse 
durations,  must  have  nodes,  which  are  characterized  by  considerable 
broad-band  character. 

Page  580. 

Therefore,  the  greatest  difficulties  are  caused  by  measurements  of 
pulses  of  a  small  amplitude,  when  for  guaranteeing  the  high  instrument 
sensitivity  appears  the  need  of  amplifying  the  measured  pulses,  what 
by  itself  is  insufficient  the  nanosecond  pulse  technique  solved  by 
problem.  In  connection  with  this  new  methods  must  be  developed  or  the 
old  methods  of  pulse  radio  meterings  are  improved. 

In  the  measurement  of  parameters  of  pulses  of  nanosecond  duration 
methods,  based  on  preliminary  increase  in  duration  of  pulses  [found 
use  207,  208,  209].  In  this  case  input  circuits  of  the  instrument  and 
diagram  of  the  expander  of  pulses  must  satisfy  specific  requirements. 
Other  units  do  not  differ  from  those  used  in  different  radio  gage 
devices/equipment.  In  such  instruments  are  realized  also  the  methods 
of  measurement  with  the  aid  of  compensative  and  autocompensational 
voltmeters  [40,  210],  which  make  it  possible  to  measure  the  pulses 
with  a  minimum  duration  of  10-100  ns. 

Wide-band  diagrams  with  high-frequency  diodes  in  fundamental 
measuring  units  are  very  frequently  used.  However,  the  use,  for 
example,  of  peak  diode  voltmeters  makes  it  possible  to  measure  the 
pulses  with  the  amplitude,  that  exceeds  5-10  V.  In  this  case  in 
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entire  scale  range  of  voltmeter  there  is  no  dependence  of  its 
readings/indications  on  duration  and  shape  of  pulses,  since  the 
characteristic  of  diode  can  be  considered  linear.  But  if  the  pulse 
amplitudes  decrease  to  values  less  than  5-10  V,  then  the  need  for  the 
account  of  the  special  features  of  the  real  volt-ampere  characteristic 
of  diode  appears.  With  the  low  values  of  anode  current  the 
characteristic  of  diode  differs  significantly  from  linear  function. 
This  leads  to  the  need  for  the  account  of  both  the  form  and  the 
duration  (or  porosity)  of  pulses,  which  complicates  work  with  the 
instrument  and  noticeably  reduces  the  accuracy  of  measurements.  Use 
in  the  schematics  of  such  voltmeters  of  wideband  amplifiers  does  not 
make  it  possible  to  measure  pulses  with  the  duration  of  less  than  3-5 
ns  due  to  the  insufficiency  of  the  broad-band  character  of  amplifiers 
with  the  considerable  amplification  factor. 

Page  581. 

For  eliminating  deficiencies  in  voltmeters,  connected  with 
special  features  of  nonlinear  characteristic  of  diodes,  are  proposed 
methods  of  measuring  nanosecond  pulses  with  small  amplitude,  when 
properties  of  nonlinear  elements  with  different  volt-ampere 
characteristics  are  utilized.  In  this  case  the  dependence  of  the 
results  of  measurements  from  the  pulse  duration  is  eliminated,  and, 
furthermore,  there  is  the  possibility  to  measure  the  pulse  duration 
together  with  the  measurement  of  its  amplitude,  moreover  to  measure  it 
is  possible  both  periodically  repeating  and  single  pulses  [211,  212]. 
For  measuring  only  the  repetitive  pulses  of  nanosecond  duration  are 
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developed  other  methods  [213,  214]. 

Appear  specific  special  features,  also,  in  measurement  of 
parameters  of  nanosecond  pulses  of  high  voltage.  The  need  of  applying 
the  voltage  dividers  in  many  instances  encountered  here  limits  the 
minimum  duration  of  the  measured  pulses  due  to  the  insufficient 
broad-band  character  of  dividers.  Therefore  for  pulse  measurements  in 
the  nanosecond  range  the  development  of  the  corresponding  attenuators 
acquires  essential  vital  importance. 

Lines  of  transmission  of  pulses  are  utilized  in  all  cases  of 
measuring  parameters  of  nanosecond  pulses  in  measuring  circuit.  The 
methods  of  characteristic  measurement  of  entire  transmitting  circuit 
of  measuring  unit  and  therefore  are  of  considerable  interest.  The 
attention  to  the  development  of  the  devices/equipment,  which  make  it 
possible  to  measure  the  pulse  responses  of  the  transmission  lines,  to 
rate/estimate  character  and  value  of  heterogeneities  in  them  and  to 
find  other  parameters  of  measuring  systems  is  paid  recently. 


11.2.  METHODS  OF  MEASURING  THE  PARAMETERS  OF  PULSES  BASED  ON  AN 
INCREASE  IN  THEIR  DURATION. 


Difficulties  which  appear  in  the  measurement  of  duration  and 
amplitude  of  nanosecond  pulses  are  to  a  certain  extent  removed  if 
preliminary  increase  in  their  duration  is  realized.  Actually,  in  this 
case  those  preceding  the  unit  of  the  expander  of  pulses  must  satisfy 
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the  requirement  of  considerable  broad-band  character  only  input 
circuits  of  measuring  device. 

Page  582. 

The  expander  of  pulses  must  ensure  the  completely  specific  and  stable 
increase  in  the  duration  of  the  measured  pulses,  and  the  subsequent 
cascades/stages  of  measuring  device  are  the  usual  diagrams,  widely 
utilized  in  the  radio  gage  technology. 

Pig.  11.1a  gives  block  diagram  of  device/equipment  for  measuring 
duration  of  pulses  [207].  Here  the  pulse  of  the  nanosecond  duration 
through  the  sufficiently  broadly  tuned  circuits  enters  the  expander  of 
pulses  1,  which  realizes  linear  magnification  in  the  pulse  duration. 
Pulse  from  the  output  of  expander  enters  the  controlled  generator  of 
harmonic  oscillations  2;  the  number  of  oscillations,  obtained  from  the 
generator,  for  the  pulse  action  time,  is  counted  off  by  electronic 
counter  3  and  is  recorded  by  appropriate  indicator  4.  Fig.  11.1b 
gives  the  diagram  of  the  simplest  expander  of  pulses.  In  the  absence 
of  pulses  voltage  across  capacitor  C  is  close  to  zero,  since  the 
resistor/resistance  of  diode  Da  in  the  conducting  state  is  small  in 
comparison  with  resistor/resistance  Ra. 
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Fig.  11.1.  Block  diagram  of  device/equipment  for  measuring  duration 
of  pulses  (a),  diagram  of  expander  of  pulses  (b),  measured  pulse  (c), 
pulse  at  output  of  expander  (d),  pulse  at  output  of  amplifier  (e). 

Key:  (1).  Amplifier.  (2).  To  generator. 

Page  583. 

During  the  action  of  positive  pulse  the  diode  D,  works  as  the  peak 
detector,  which  makes  it  possible  for  capacitor/condenser  C  to  be 
charged  through  resistor/resistance  of  Rw  which  is  considerably  lower 
than  the  resistor/resistance  of  R,.  An  increase  in  voltage  across 
capacitor  changes  the  polarity  of  voltage  on  the  diode  D,.  Up  to 
moment  of  time  t,,  which  corresponds  to  the  termination  of  the  action 
of  pulse,  both  diodes  are  not  conducted  and  capacitor/condenser  C  is 
discharged  through  the  high  resistor/resistance  of  R,.  The  capacitor 
discharge  ceases  up  to  moment  t,.  Pulse  of  the  increased  duration, 
which  has  the  triangular  form  (Fig.  11. Id),  enters  the  amplifier, 
which  works  also  in  the  mode  of  the  limitation  of  amplitude. 
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Therefore  from  the  output  of  amplifier  is  removed/taken  the  pulse  of 
approximately  rectangular  form  (Fig.  11. le),  which  controls  generator. 

Duration  of  triangular  pulse,  measured  on  its  foundation, 
linearly  depends  on  duration  of  measured  pulse.  Proportionality 
factor  depends  on  the  relation  of  resistors/resistances  R,  and  Rx,  and 
also  on  the  value  of  the  voltage  of  the  measured  pulse  and  bias 
voltage  E.  The  coefficient  of  expansion  does  not  depend  on 
capacitance  value  of  capacitor/condenser  C  over  a  wide  range. 
Capacitance  value  C  is  selected  for  the  specific  range  of  the  duration 
of  the  measured  pulse  so  that  the  charge  of  capacitor  C  would  be 
realized  according  to  the  linear  law.  The  linear  law  of  the  increase 
of  voltage  across  capacitor  C  more  easily  is  fulfilled  for  the  pulses 
of  short  durations.  For  an  increase  in  the  range  of  durations  of  the 
measured  pulses  a  change  in  capacitance  value  C  can  be  provided.  For 
an  increase  in  the  interval  of  the  measured  durations  with 
constant/invariable  capacitance  value  C  inductance  L,  back-out 
resistor  of  Rx,  can  be  used.  The  calculations  of  such  a  U*C-chain, 
utilized  also  for  the  linear  scanning/sweep  in  the  oscillographs,  are 
given  in  S  10.3. 

Usually  expander  relies  on  increase  of  duration  of  measured  pulse 
100  times  and  works  in  the  range  of  change  in  initial  durations  to  10 
times  with  divergence  from  linear  law  of  expansion  not  more  than  1-5%. 
For  decreasing  the  error  of  measurement  the  frequency  of  the 
vibrations  of  controlled  generator  2  must  be  sufficient  high,  since 
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electronic  counter  records  each  half-period  of  oscillations.  In  the 
measurement  by  such  impulse-momentum  method  with  the  duration  several 
of  ten  nanoseconds  resultant  error  is  approximately  5%. 

Page  584. 


M.  I.  Gryaznov  proposed  methods  of  measurement  of  amplitude  and 
durations  of  nanosecond  pulses,  based  on  increase  in  duration  of  part 
or  entire  pulse,  that  make  it  possible  to  lower  error  of  measurement 
for  pulse  duration  up  to  units  of  nanoseconds  [208,  209].  Fig.  11.2 
gives  the  diagram,  elucidating  the  method  of  measurement  indicated  and 
intended  for  measuring  the  amplitude  of  nanosecond  pulses  of  the 
positive  polarity  (analogous  diagram  it  can  be  constructed,  also,  for 
measuring  the  negative  pulses).  The  expander  of  the  apex/vertex  of 
the  measured  pulse  in  combination  with  the  compensative  pulse 
voltmeter  here  is  used. 

When  voltage  of  pulse  exceeds  compensating  voltage  across 
capacitor  C, ,  occurs  charge  of  capacitor  C  through  the 
resistor/resistance  of  open  diode  /?„,  moreover  Ra  <  R •  Time  constant 
of  the  charge 

t3  =  '*n(l  +C/Ca),  (ii  j) 

where  xa=CaRa, 

Ca-  the  transfer  capacitance  of  diode. 

After  termination  of  pulse  capacitor/condenser  is  discharged 
through  resistor/resistance  R  to  capacitor/condenser  C,»C  up  to 
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voltage  U8  with  time  constant  t p=CR.  Fig.  11.3  gives  the  oscillogram 
of  pulse  at  the  output  of  expander. 
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Fig.  11.2.  Diagram  for  measuring  amplitude  of  nanosecond  pulses. 

Key:  (1).  Amplifier.  (2).  Start-up  circuit.  (3).  Indicator. 

Page  585. 

On  resistor/resistance  of  R  is  formed  the  pulse  of  exponential  form, 
whose  amplitude  up  is  proportional  to  the  excess  of  the  surge  voltage 
above  that  compensating  for  and  it  is  inversely  proportional  to  the 
duration  of  the  measured  pulse  (when  /„<t3).  *"This  pulse  is  the  expanded 
apex/vertex  of  the  measured  pulse.  The  bellying  of  the  measured  pulse 
is  amplified  and  then  this  pulse  enters  the  start-up  circuit,  starting 
it;  functioning  this  diagram  is  recorded  by  indicator.  Changing  the 
value  of  the  compensating  voltage  with  the  aid  of  potentiometer  Rj  it 
is  possible  to  draw  nearer  the  compensating  voltage  the  amplitude 
value  of  the  measured  pulse  so  that  will  be  discontinued  functioning 
start-up  circuit.  The  value  of  the  compensating  voltage  U„,  which 
corresponds  to  the  threshold  of  functioning  start-up  circuit,  is 
measured  by  voltmeter.  The  accuracy  of  measurements  is 
rated/estimated  by  the  relationship/ratio 

5=1-%-.  (U.2> 

where  U  -  amplitude  of  measured  pulse. 
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At  moment  of  cessation/discontinuation  of  functioning  start-up 
circuit  occurs  equality  Ua=KUp,  where  ua  -  voltage  of  threshold  of 
functioning  start-up  circuit;  K  -  amplifier  gain.  If  values  U  and  U0 
are  constant,  then  with  a  decrease  in  the  duration  of  pulses  the 

amplitude  of  the  bellying  of  pulse  u9  decreases,  which  causes  need 
(for  guaranteeing  the  given  value  yn)  in  the  decrease  of  value  U„. 
However,  the  decrease  of  voltage  U„  according  to  (11.2)  leads  to  an 
increase  in  the  error  of  measurement. 
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11.3.  Pulse  at  output  of  expander. 
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Therefore,  with  a  decrease  in  the  pulse  duration,  in  order  to  decrease 
an  error  of  measurement,  it  is  necessary  to  increase  factor  of 
amplification  K. 

Thus,  expansion  of  apex/vertex  of  measured  pulse  makes  it 
possible  to  measure  its  amplitude  for  short  pulse  duration,  since 
application  of  narrow-band  amplifier  becomes  possible.  However,  the 
duration  of  the  expanded  pulse  must  be  less  than  the  pulse  repetition 
period.  This  means  that  the  passband  of  amplifier  is  determined  only 
by  the  maximum  repetition  frequency  of  the  measured  pulses. 


The  expansion  of  pulse  apex,  furthermore,  contributes  to  the 
elimination  of  effect  of  transfer  capacitance  of  diode  cn.  measured 
pulse  through  capacity/capacitance  of  diode  (if  <„  <  tp)  evinced  by 
straight/direct  passage.  The  amplitude  of  this  pulse  is  equal  to 


t/.i  = 


1  +  c/c. 


(11.3) 


and  it  does  not  depend  on  the  compensating  voltage.  For  eliminating 
the  undesirable  effect  of  straight/direct  pulse  advancing  it  is 
necessary  that  the  amplification  of  this  pulse  would  be  insignificant, 
i.e.,  amplification  factor  would  satisfy  the  inequality 


^  (/.(i+c/c,) 
A*< - n - 


(11.4) 


If  this  condition  is  not  satisfied,  then  a  false  response  of 
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start-up  circuit  appears.  Since  amplifier  has  narrow  passband,  the 
inequality  (11.4)  is  fulfilled  for  the  pulses  of  the  nanosecond 
duration,  when  t„  tp.  If  necessary  to  measure  the  amplitudes  of 
pulses,  whose  duration  is  more  than  tP,  it  is  necessary  to  reduce 
amplification  factor  or  to  introduce  the  diagram  of  the  compensation 
for  straight/direct  pulse  advancing  through  the  diode.  Such  diagrams., 
which  include  inverter  cascade/stage  or  bridge  circuit,  complicate  the 
construction/design  of  measuring  meter. 

As  has  already  been  indicated,  in  measurement  of  pulse  amplitude 
with  smallest  duration  of  (*■<<»)  for  reduction  in  error  of  measurement 
it  is  necessary  to  increase  factor  of  amplification  K. 

Page  587. 

For  the  same  purpose  to  desirably  reduce  time  constant  t3=Tfl(l  +  C/Cn), 
for  which  should  be  used  the  diodes  with  the  minimum  value  of  time 
constant  ra=*CxRa.  However,  the  selection  of  the  low  value  of  relation 
C/Ca  is  undesirable,  since  this  can  lead  to  the  unstable  work  of 
instrument  and  an  increase  in  the  error  of  measurement.  It  is 
necessary  to  note  that  with  the  estimation  of  error  in  the  measurement 
of  the  pulse  amplitude  the  value  of  the  resistor/resistance  of  open 
diode  rb  is  considered  constant.  However,  the  volt-ampere 
characteristic  of  diode,  is  especially  in  its  initial  part 
substantially  nonlinear.  Therefore  the  expressions  given  above  are 
valid  only  in  the  measurement  of  pulses  with  the  sufficiently  large 
amplitude.  A  total  error  of  measurement  of  the  pulse  amplitudes  with 
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a  duration  of  about  1  ns  composes  1-5%,  and  for  the  pulse  duration  of 
more  than  20  ns  error  compose  a  total  of  about  0.5%  with  the  pulse 
amplitude  of  approximately  100  V. 

Fig.  11.4  gives  another  diagram  with  expander  of  pulses  [209], 
which  makes  it  possible  to  measure  pulse  duration  at  its  assigned 
level  E.  The  here  measured  pulse  enters  the  balance  detector, 
assembled  on  the  diodes  and  which  is  used  for  a  preliminary  increase 
in  the  pulse  duration. 


f 
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Fig.  11.4.  Diagram  for  measuring  pulse  duration  at  assigned  level 
(a),  oscillogram  of  pulse  (b). 

Page  588'. 

The  reference-voltage  source  3  is  included  in  one  arm  of  the  detector, 
and  in  the  second  arm  reference  voltage  is  created  by  the  source, 
connected  to  terminals  4.  When  the  voltage  of  the  measured  pulse 
exceeds  voltage  across  capacitor  5,  occurs  charge  of  capacitor  6 
through  diode  2.  However,  in  the  case  of  the  excess  of  the  voltage  of 
the  pulse  above  total  voltage  across  capacitors  5  and  7  the  charge  of 
capacitor  8  through  diode  1  is  realized.  The  capacitor  discharge  6 
through  resistor/resistance  to  9  occurs  after  the  termination  of 
pulse,  while  that  of  capacitor/condenser  8  -  through 
resistor/resistance  to  10.  Thus,  on  resistances  to  9  and  10  there  are 
formed  the  expanded  pulses  of  approximately  triangular  form,  but  with 
the  different  amplitude.  These  pulses  through  capacitors/condensers 
11  and  12  enter  subtraction  scheme  13.  The  pulse,  obtained  as  a 
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result  of  the  subtraction  of  two  pulses  indicated,  will  have  an 
amplitude,  proportional  to  the  duration  of  the  measured  pulse  at  the 
assigned  level  (fig.  11.4b).  Differential  pulse  after  amplifier  14 
through  diode  15  enters  capacitor/condenser  16,  which  is  connected 
with  electrometric  diagram  17.  This  diagram  measures  voltage  across 
capacitor  16,  which  corresponds  to  the  duration  of  the  measured  pulse 
at  the  assigned  level.  Key  18  serves  for  stress  relieving  from 
capacitor/condenser  16. 

11.3.  METHOD  OF  MEASURING  THE  PARAMETERS  OF  THE  PULSES  OF  KNOWN  FORM 
AND  BY  THE  JETTY  OF  AMPLITUDE. 

Methods  of  measurement  of  parameters  of  nanosecond  pulses 
described  above  are  suitable,  if  pulse  amplitude  is  considerable,  i.e. 
when  its  value  exceeds  value  of  nonlinear  section  of  volt-ampere 
characteristic  of  diode.  In  the  measurement  of  the  parameters  of  the 
periodic  pulses  of  a  small  amplitude  stroboscopic  methods  can  be  used, 
whereas  the  measurements  of  single  pulses  with  a  small  amplitude  and 
the  duration  are  very  difficult. 

M.  1.  Gryaznov  proposed  method  of  simultaneous  measurement  of 
amplitude  and  duration  of  nanosecond  pulses  of  known  form  and  small 
amplitude,  based  on  use  of  two  nonlinear  elements  with  different 
volt-ampere  characteristics  [211,  212]. 


Page  589. 
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In  the  measurement  of  such  pulses,  which  have  the  large  porosity  (more 
than  10J),  is  realized  the  conversion  of  nanosecond  pulses  with  the 
aid  of  the  nonlinear  circuit  into  the  longer  pulses,  amplitude  whose 
measurement  is  easy  to  carry  out. 

Simplest  diagram  of  expander  of  pulses  with  nonlinear  element  is 
given  in  Fig.  11.5.  During  the  action  of  the  pulse  of  voltage  ux 
occurs  the  charge  (or  the  discharge  in  the  dependence  on  the  pulse 
polarity)  of  capacitor/condenser  C.  After  the  termination  of  pulse 
this  capacitor/condenser  is  discharged  (it  is  charged)  to  the  initial 
voltage  through  resistor/resistance  of  R  and  internal 
resistor/resistance  of  nonlinear  element.  For  pulse  widening  the 
proper  relationship/ratio  of  the  time  of  charge  and  capacitor 
discharge  C  is  selected. 

Let  us  examine  dependence  of  amplitude  of  expanded  pulse  on 
parameters  of  measured  pulse.  For  the  majority  of  the  nonlinear 
elements,  utilized  in  the  diagram  of  the  expander  of  pulses,  the 
volt-ampere  characteristic  is  represented  by  the  expression 

i  =  F(ut  —  Du,),  (11.5) 

where  D  -  permeability  of  nonlinear  element  (in  the  case  of  diode 
D»l).  Process  in  the  diagram  is  described  by  nonlinear  equation  [212] 

F  [«,(/)  -  DuM  =  c[*±Ul+1L  ut(t)  j ,  (11.6) 

where  «,(/)=«,—  «,(<) =«,—«»;  and  uao  -  initial  constant  voltages  on 

input  and  output  of  nonlinear  element,  its  determining  mode  works. 
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Fig.  11.6.  Diagram  of  expander  of  pulses  with  nonlinear  element. 
Key:  (1).  Nonlinear  element. 

Page  590. 


If  the  discharge  time  of  capacitance  C  is  considerably  more  than  the 
duration  of  measured  pulse  fp>/K,(fiio  -  the  pulse  duration,  measured  on 
its  foundation),  then 


_L_  #»  u\  ^  rf«t(o 

RC  "* =  ~dT< 
Du,  (t)  <£  «,  ((). 


Then  equation  (11.6)  takes  form 

F  [«,(0]  =  Cdj^fL,  (H.7) 

from  which  it  is  located  amplitude  of  expanded  pulse 

FM)\dt.  (11.8) 

0 

If  expression  of  input  pulse  is  recorded  in  the  form 

«.(*)= £/?(*,),  (11.9) 

where  U  -  pulse  amplitude?  q(t,)  -  function  of  shape  of  pulse; 
*• —Wui  t„  -  pulse  duration  at  certain  level,  then 
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Ut^^F[Uq{t,)\dtt,  (11-10) 

0 

T 

where  Q— -  porosity. 

If  we  take  then 

I 

Ut^[F[Ug(tt)\dt0.  (11.11) 

o 

Thus,  amplitude  of  expanded  pulse  is  linear  function  of  duration 
and  nonlinear  function  of  amplitude  of  measured  pulse. 

Page  591. 

If  pulse  is  supplied  to  the  input  of  two  expanders  with  nonlinear 
elements,  which  have  different  characteristics  Fa{u)  and  F/,(u),  then  at 
their  outputs  there  will  be  those  expanded  of  pulse  with  amplitudes  of 

(1U2> 

o 


Counting  C0  =  C6,  is  examined  relation 


[FAUq(t,)\dt. 


(11.13) 
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This  relation  does  not  depend  on  pulse  duration  and  is  only 
function  of  amplitude  of  pulse  U,  assuming  that  shape  of  pulse  is 
known.  Obviously,  hq (U)  const,  if  functions  Fa (u)  and  Fb(u)  are 
linearly  independent  in  the  operating  range  of  voltages/stresses. 

Thus,  determination  of  amplitude  of  pulses  of  known  form  is 
reduced  to  measurement  of  amplitudes  of  expanded  pulses  uia  and  U2b 
and  determination  of  their  relations,  and  then  on  their  relation  and 
known  dependence  hq(U)  for  assigned  shape  of  pulses  is  located  their 
amplitude.  Measuring  device  to  more  simply  develop  when  is  known  not 
hq(U)  for  any  given  shape  of  pulse,  but  relation  for  the  square  pulses 

u  tin -Ml L 
nT(U)— Fb{U) , 

which  proves  to  be  simplest  (here  q(t,)«l  with  0<to<l  and  q(to)=0  with 
l<t,<Q).  Then  on  this  dependence  and  on  the  known  shape  of  the 
measured  pulse  the  result  of  measurements  is  recounted  by  simple 
method. 

Page  592. 

This  conversion  can  be  realized  with  the  aid  of  the  graph  or  simply 
with  the  aid  of  the  calibrated  dial  faces,  which  records  relation 
hr(U)  for  the  different  shapes  of  pulses. 

It  is  possible  to  show  [211,  212 J  which  for  graphing  of 
translation  is  conveniently  relation  hq(U)  represented  in  the  form  of 
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series/row  according  to  degrees  of  value  U  with  coefficients 

f  dt% 

[ «'('.)  <«. 

which  are  determined  exclusively  by  shape  of  pulse  and  are  called 
factors  of  form  of  pulses  of  n  order.  In  the  general  case  the  factors 
of  the  form  of  the  pulses  of  the  n  order  can  be  expressed  through  the 
factor  of  first-order  form  as  functions  Kn(K\).  In  this  case  for  the 
most  widely  used  forms  of  video  pulses  these  functions  differ  little 
from  each  other. 


Table  11.1  gives  values  of  coefficient  k„  for  some  shapes  of 
pulses  [211,  212]. 

When  nonlinear  element  has  volt-ampere  characteristic,  expressed 
by  quadratic  dependence,  then  above-  indicated  series/row  has  only  one 
member  with  factor  of  form  KX.  In  this  case  the  measurement  of  the 
pulse  amplitude  is  reduced  to  the  determination  of  the  value  of 
relation  and  then  according  to  graph/curve  (fig.  11.6)  is 

determined  value  KXU»U0.  Knowing  pulse  and,  consequently,  also  Klf  it 
is  possible  to  find  U.  Virtually  it  is  expedient  determine  value 
hq(U)  with  the  aid  of  the  logometer.  If  the  output  meter  of  logometer 
is  graduated  directly  in  values  U,-KXU,  then  it  is  possible  to 
directly  count  off  the  amplitudes  of  measured  pulses. 
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Table  11.1. 
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Key:  (1).  Name  of  pulse.  (2).  Shape  of  pulse.  (3).  Reference 

level  of  duration.  (4).  Note.  (5).  Rectangular.  (6). 
Trapezoidal.  (7).  a-1  for  triangular  form.  (8).  Rectangular  with 

chamfered  vertex.  (9).  a  -  relative  value  of  decay  in  apex/vertex. 
(10).  Exponential. 


r 


DOC  =  88076733 
Page  594. 

Continuation  Table  11.1. 
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Key:  (1).  Rectangular  with  the  exponential  shear/section.  (2).  ... 

time  constant  of  section).  (3).  Triangular  with  exponential  section. 

from  ...  to  ....  (5).  Cosinusoidal.  (6).  Cosine-squared. 

(7).  Bell -shaped. 

Page  595. 

With  the  more  complicated  volt-ampere  characteristics  for  determining 
the  pulse  amplitude  besides  coefficient  of  Kx  in  the  form  of 
correction  it  is  necessary  to  consider  the  factors  of  the  form  of 
higher  order,  expressed  through  coefficient  of  Kx.  However,  in  the 
measurement  of  pulses  with  small  amplitudes  and  in  these  cases  with  a 
sufficient  degree  of  accuracy  it  is  possible  to  use  the  graph/curve, 
analogous  to  that  given  in  Fig.  11.6,  or  to  calibrate  the  scale  of 
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output  meter  directly  in  values  U,. 


If  pulse  amplitude  is  measured,  then  according  to  (11.11)  in 

value  U,  it  is  possible  to  determine  pulse  duration  expedient  to  tH. 

<For  measuring  the  pulse  duration  is  more  expedient  to 
(select  this  mode  of  nonlinear  element,  with  which  in  working  amplitude 

range  of  measured  pulses  his  volt-ampere  characteristic  it  would  be 

possible  to  consider  linear,  i.e.,  F(u)*Su,  where  S  -  mutual 

conductance.  Then  instead  of  (11.11)  it  is  possible  to  record 


or  the  duration  of  the  pulse 


u,c 


SU  [?(/.)  at, 
0 


(11.15) 


It  is  convenient  to  select  reference  level  of  pulse  duration  by 
such,  in  order  to 

n 

J?(g  <«.=i, 

then  pulse  duration,  measured  under  this  condition. 


<1 1.16) 

It  is  virtually  convenient  at  output  of  meter  of  value  U,  to 
place  divider  of  voltage  (potentiometer),  with  the  aid  of  which  in 
measured  pulse  amplitude  it  is  possible  to  establish/install 
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coefficient  of  division,  proportional  1/U. 

Page  596. 

Then  readings/indications  of  meter  (millivoltmeter)  are  proportional 
to  the  duration  of  pulse  tu,  and,  consequently,  its  scale  can  be 
graduated  in  the  values  of  the  pulse  duration. 

Described  method  of  measuring  of  amplitude  and  duration  of 
nanosecond  pulses  of  small  amplitude  (less  than  1  V  can  be  used  for 
measuring  parameters  both  of  periodically  of  repeating  and  single 
pulses.  In  the  latter  case  for  measuring  the  amplitude  of  expanded 
pulses,  whose  duration  can  be  led  to  hundreds  of  microseconds,  should 
be  used  the  peak  memory/memorizing  pulse  millivoltmeters . 

The  possibility  of  measuring  parameters  of  single  nanosecond 
pulses  considerably  raises  value  of  method  in  question  since  similar 
measurements  with  the  aid  of  high-speed/high-velocity  oscillographs 
are  very  hindered/hampered,  and  -  it  is  generally  impossible  with  the 
aid  of  stroboscopic. 

Accuracy  of  measurement  of  parameters  of  pulses  with  amplitude 
considerably  smaller  of  1  V,  it  is  determined  by  selection  of 
characteristic  of  nonlinear  elements,  by  stability  of  mode  and  by 
accuracy  of  preliminary  calibration  of  scales.  In  spite  of  the 
relative  complexity  of  the  method  examined,  can  be  obtained  the 
satisfactory  accuracy  of  the  measurements  of  the  parameters  of  the 
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nanosecond  pulses,  whose  amplitude  is  approximately  to  two  orders 
lower  than  permitted  in  the  oscillographic  measurements  of  pulses, 
especially  single. 

Method  in  the  case  of  applying  of  three  or  more  number  of 
nonlinear  elements  indicated  makes  it  possible  to  determine 
coefficients,  which  characterize  form  of  video  pulse  [211,  212]. 
Thus,  during  the  application  of  three  nonlinear  elements  becomes 
possible  the  development  of  the  instrument,  which  measures 
simultaneously  three  parameters  of  pulse. 


11.4.  MEASUREMENT  OF  THE  PARAMETERS  OF  THE  REPEATING  PULSES  BY  THE 
METHOD  OF  COMPARISON. 

For  determining  time  parameters  of  repetitive  pulses  duration  of 
order  of  tenths  and  units  of  nanoseconds  into  [213]  proposed  method  of 
measurements,  based  on  comparison  of  two  identical  pulses. 

Page  597. 

This  method  is  similar  to  the  stroboscopic  method  (see  S  10.6),  but 
here  the  role  of  strobe  pulse  fulfills  the  pulse  being  investigated, 
and  at  the  output  of  meter  instead  of  the  image  of  the  pulse  being 
investigated  is  obtained  the  graph/curve,  from  which  are  determined 
the  time  parameters  of  pulse  -  the  duration  of  front,  shear/section 
and  pulse  apex. 
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Fig.  11.7a  gives  block  diagram  of  meter.  The  pulse  being 
investigated  enters  the  coaxial  splitter  both  through  coaxial  line  1, 
which  has  constant  length  and  also  through  coaxial  line  2,  whose 
length  can  be  regulated,  it  is  supplied  to  the  wide-band  comparison 
circuit  of  3.  Voltage  u,  at  the  output  of  comparison  circuit  is  noted 
by  indicator  4.  Changing  the  length  of  line  2,  it  is  possible  to  note 
the  different  values  of  the  output  voltage  u0 ,  which  correspond  to 
selected  time  difference  of  the  delay  r  of  the  second  line  relative  to 
the  first.  From  the  obtained  graph/curve  u,=f(T)  are  determined  the 
parameters  of  pulse.  In  JFig.  11.7b  is  given  comparison  circuit. 

After  coaxial  splitter  identical  pulses  enter  the  diagrams  (points  b 
and  c ) . 


) 
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Fig.  11.7.  Block  diagram  of  installation  for  measuring  duration  of 
pulses  (a),  comparison  circuit  (b). 

Page  598. 

The  coaxial  line,  connected  to  point  c,  has  a  variable  length. 
Comparison  circuit  consists  of  a  high-frequency  diode, 
resistor/resistance  Ra  and  capacities/capacitances  of  Ca  and  Ca. 

Let  us  examine  case  of  trapezoidal  shape  of  measured  pulse.  Fig. 

11.8  gives  the  oscillograms  of  pulse  ux,  which  enters  point  b  pulse 
ua,  which  enters  the  point  that  delaying  to  the  period  r  relative  to 
pulse  ux.  At  point  a  of  diagram  voltage  u0  is  created.  Depending  on 
the  instantaneous  values  of  pulses  ux  and  u,  the  diode  proves  to  be  in 
the  state  of  straight/direct  or  reverse/inverse  conductivity.  Fig. 

11.9  gives  the  equivalent  diagrams,  which  correspond  to  the  comparison 
circuit  in  the  case  of  the  straight/direct  (Fig.  11.9a)  and 
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reverse/ inverse  (Fig.  11.9b)  conductivities  of  diode.  Here  <p  -  the 
line  characteristic,  Rt  and  R,  -  respectively  the  resistor/resistance 
of  diode  with  the  straight/direct  and  reverse/ inverse  conductivity. 
Since  resistor/resistance  R,  is  considerably  more  than 
resistors/resistances  of  Rx  and  R,,  then  current  is  is  less  than 
currents  it  and  i,.  Determining  first  voltage  at  point  a,  equal  to 
then  it  is  possible  to  find  voltage  on  capacity/capacitance  of  C,, 
i.e.  the  output  voltage  u„ .  If  the  volt-ampere  characteristic  of 
diode  is  approximated  by  piecewise-1 inear  function,  then  for  voltage 
Ua  it  is  possible  to  obtain  [213]  following  expressions: 

~  2«,  -  («,-«,)  npn  /<(*,+ 1)  (11.17) 

Key:  (1).  with 

and 

__  1 

«2ff,  —  «Ci(/1  +  t)e  npii  />(/,  +  *).  (11.18) 


Key:  (1) .  with. 
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Amplitude  of  output  potential  of  comparison  circuit  is  determined 
from  formula 


u>—r,c;1  “• 


dt. 


(11.19) 


Knowing  value  of  voltage  U0  for  different  values  of  delay  time  t, 
it  is  possible  to  construct  graph/curve  Ue*f(T).  In  the  case  of  the 
linear  approximation  of  the  characteristic  of  diode  from  this 
graph/curve  it  is  possible  to  find  two  characteristics  of  the  pulse: 
the  sum  of  the  durations  of  front  and  the  shear/section  of  pulse  and 
the  duration  of  flat/plane  pulse  apex  (Fig.  11.10a). 

If  we  consider  that  with  direct  conductivity  of  diode  its 
volt-ampere  characteristic  is  approximated  by  square-law 
characteristic,  and  with  reverse  conductivity  -  by  the  linear 
function,  then  it  is  possible  to  determine  by  the  method  indicated 
three  time  parameters  of  pulse.  For  the  interval  of  time  t>(ti+r) 
occurs  the  reverse/ inverse  conductivity  of  diode  and  voltage  //.,  is 
determined  by  expression  (11.18).  With  0<t<(tx+r)  voltage  na  is 
nonlinear  function  from  u»,  u,,  tx  and  r  and  can  be  determined  by 
graphic  method.  Designed  thus  dependence  U,+f(r)  is  represented  in 
the  form  of  graph/curve  in  Fig.  11.10b. 
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Fig.  11.9.  Equivalent  diagrams  which  correspond  to  comparison  circuit 
in  the  case  of  direct  conductivity  of  diode  (a),  reverse/inverse 
conductivity  of  diode  (b) . 

Page  600. 

With  the  aid  of  this  graph/curve  are  determined  three  time  parameters 
of  pulse  -  the  duration  of  front,  shear/section  and  flat/plane  pulse 
apex. 

In  measurement  of  parameters  of  pulse  error  will  be  the  less,  the 
more  precise  carried  out  precomputation  by  curve  U#=f(T)  for  this  type 
of  diode  and  the  wider-band  comparison  circuit,  which  is  fulfilled  in 
the  form  of  coaxial  system  similarly  to  converter  in  stroboscopic 
oscillograph.  For  various  forms  of  the  pulses  being  investigated  it 
is  necessary  to  previously  have  calculated  graph/diagrams  of 
dependence  U,»f(r).  Experimental  investigations  show  that  it  is 
possible  to  construct  a  comparison  circuits  with  the  passband  of 
approximately  5  GHz  and  to  carry  out  measurements  of  pulses  with  the 
front  with  duration  on  the  order  0.1  ns  [213]. 
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Method  of  determining  parameters  of  pulses  with  self-strobing  can 
be  different  [214].  Let  the  diode  which  operates  in  the  comparison 
circuit  have  the  quadratic  volt-ampere  characteristic  i=ku*.  Both 
pulses  enter  directly  the  diode  indicated.  Depending  on  delay  factor 
of  the  pulse,  which  passes  variable  delay  line,  overlapping  of  the 
pulses,  which  come  the  diode,  will  be  different  (Pig.  11.11), 
therefore,  will  be  different  and  output  potential  of  comparison 
circuit 

u  (t)  =  \k  [u\  (/)  +  u\  (t)  +  2 «,(/) «,(/)]. 

Value  of  the  product  u1(t)u,(t)  can  give  information  about' 
parameters  of  pulse  being  investigated. 


9f|3 


*)  tt 

Fig.  11.10.  Dependence  U0=f(r):  a)  for  case  of  linear  characteristic 
of  diode;  b)  for  case  of  square-law  characteristic  of  diode. 
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If  pulses  do  not  overlap,  then  this  product  will  be  equal  to  zero. 

Let  us  examine  expression  for  the  value  of  impulse  flashing  over  of 
trapezoidal  form  and  rate  of  change  in  this  overlap  as  the  functions 
of  relative  pulse  delay  r.  Using  the  designations  of  Fig.  11.11  we 
have  in  the  interval  of  delay  0<t<(4+*cp)  a  height/altitude 

,  _  sin  a  sin  P  x  _  <1 

n~~  Tsin(a+P)—  ctga  +  ctg?-  4  + to  ’ 

Area  of  impulse  flashing  over 

«  X*f/ _ 

^  ~  2  —  2(4*+  lev)  • 


Rate  of  change  in  area  of  overlap 
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Fig.  11.11.  Graphs  of  pulse  overlap  with  self-strobing. 

Key:  (1).  Delay. 

Page  602. 

Analogously  for  interval  of  delay  (4  +  /0i,)<t  <(4-Wcp-Wi>)  we  will 

obtain  ds/d*:=U;  tor  interval  of  delay  (f*  +  <»  +  *ei.)<*<(4  +  2/„-f 

we  have  dS/dr=-U;  for  interval  of  delay  (44-/c|J+-/u)<‘«<(2/,p+2/8-(-2/cl,) 
this  rate  of  change  _  Uz 

til  f.|i  *t  ^C(>  * 

where  /C1„  t„  -  respectively  duration  of  front,  shear/section  and 
flat/plane  pulse  apex;  U  -  amplitude  of  voltage. 

For  different  intervals  of  the  variation  of  delay  factor  r 
dependence  of  area  S  on  r  is  differently  and  represented  either  by 
parabolic  or  linear  function  with  different  inclination/slope. 
Observing  slope  deviation  the  crown  of  curve  for  different  intervals 
of  delay  r  it  is  possible  to  obtain  information  about  the  sum  of  the 
durations  of  front  and  shear/section  (/*  +  /cp),  the  corresponding  to 
parabolic  section  curve,  about  the  duration  of  pulse  apex  f„  by  the 
corresponding  to  linear  section  curve,  and  about  amplitude  U,  which 
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corresponds  to  the  slope  of  the  linear  section  of  curve.  The  obtained 


relationships/ratios  are  valid  for  the  quadratic  dependence  of  the 
volt-ampere  characteristic  of  diode,  which  occurs  with  the  work  with 
the  low  value  of  signal. 

In  contrast  to  stroboscopic  method  of  oscillography ,  where  time 
resolution  is  determined  not  only  by  broad-band  character  of 
converter,  but  in  essence  with  gate  length,  here  plays  role  only 
broad-band  character  of  comparison  circuit.  Furthermore,  in  the 
measurements  by  the  method  examined  there  is  practically  eliminated 
the  effect  of  the  factor  of  the  instability  of  the  temporary  situation 
of  the  gate  pulse  of  that  of  relatively  investigated. 

11.5.  Dividers  of  the  voltage  of  nanosecond  pulses. 

During  the  investigation  of  nanosecond  pulses  of  high  voltage  and 
in  measurement  of  their  parameters  voltage  dividers  frequently  are 
utilized,  since  in  majority  of  cases  high-speed  oscillographs,  pulse 
voltmeters  and  other  instruments  of  nanosecond  range  are  not  designed 
for  work  with  high  voltage. 

The  fundamental  requirement  for  different  attenuators,  which  are 
utilized  in  nanosecond  range  of  durations,  is  the  requirement  of 
considerable  broad-band  character.  Therefore,  such  devices  are  built 
mainly  in  the  form  of  systems  with  distributed  parameters. 


Page  603. 
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When  the  required  passband  does  not  exceed  hundreds  of  megahertz, 
there  can  be  utilized  dividers  in  the  form  of  circuits  with  the  lumped 
parameters.  Dividers  with  the  lumped  parameters  are  capacitive  or 
from  the  effective  resistance.  Capacitive  voltage-  dividers  must  be 
arranged/located  directly  about  termination  in  order  to  avoid  the 
stray  inductances  of  coupling  conductors.  The  transmission  of  pulse 
from  the  output  of  divider  to  the  load  with  the  aid  of  the  cable  is 
here  excluded  due  to  the  impossibility  of  the  agreement  of  capacitive 
voltage-divider  with  the  wave  impedance  of  cable.  During  the  proper 
construction/design  of  capacitive  voltage-divider  with  its  aid  it  is 
possible  to  divide  the  voltage  of  pulses  with  a  minimum  duration  of 
front  of  up  to  0.5-1  ns. 

So  that  dividers  from  effective  resistance  would  not  have 
noticeable  parasite  inductances  and  capacitances,  the  effective 
resistances  are  fulfilled  in  the  form  of  special  carbonic  coatings, 
applied  to  ceramic  rods,  cylinders  or  washer.  The  resistor/resistance 
of  the  high-voltage  arm  of  divider  does  not  usually  exceed  1  kilohms, 
since  with  the  high  value  of  resistor/resistance  there  is  manifested 
the  shunting  effect  of  longitudinal  capacity/capacitance.  However, 
the  resistance  of  the  output  arm  of  divider  there  must  not  be  too 
little,  otherwise  is  manifested  the  effect  of  stray  inductance.  The 
output  arm  of  divider  from* the  effective  resistance  can  be  coordinated 
with  the  wave  impedance  of  the  cable,  utilized  sometimes  for  the 
transmission  of  pulse  from  the  divider  to  the  load.  Dividers  from  the 
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effective  resistance  sometimes  are  placed  into  the  coaxial  systems. 
Thus,  during  the  use  T  -  the  figurative  circuit  of  divider  is  obtained 
the  simple  construction/design  of  the  divider  of  the  voltage,  which 
has  the  low  parasitic  parameters  (Fig.  11.12)  [215].  Central  rod  from 
the  ceramics  is  located  within  the  cylindrical  external  conductor.  As 
resistor  units  Ri  (sequential  branch  of  divider)  there  are  used  the 
resistors/resistances  from  the  carbonic  coatings  on  the  ceramic 
stream,  while  as  the  element  of  resistor  R,  (parallel  branch  of 
divider)  -  layer,  applied  to  the  ceramic  disk,  which  has  contact  with 
the  central  rod  and  the  external  conductor.  Carbonic  layer  will  be 
deposited  to  one  side  of  disk  in  order  to  avoid  supplementary  stray 
capacitance.  For  eliminating  eddy-current  effect  on  the  value  of 
resistor/resistance  at  different  frequencies  the  thickness  of  carbonic 
layer  is  taken  by  very  small. 

Page  604. 

Divider  of  this  construction/design  can  be  used  for  work  with 
pulses,  duration  of  front  of  which  approximately  one  nanosecond. 

As  dividers  of  voltage  of  nanosecond  pulses  find  use  dividers, 
which  are  simultaneously  load  resistors/resistances  usable  in 
technology  of  superhigh  frequencies. 
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Fig.  11.12.  Diagrammatic  representation  of  construction/design  of 
divider  of  voltage  (a),  schematic  of  divider  (b). 

Key:  (1).  Input.  (2).  Output. 


Fig.  11.13.  Diagrammatic  representation  of  construction/design  of 
divider  of  type  NS-1  (a),  diagram  of  divider  (b). 

Key:  (1).  Input.  (2).  Output. 

Page  605. 

Thus,  for  instance,  utilized  are  series  load  resistors/resistances, 
which  are  simultaneously  dividers,  of  the  type  SN-1,  ESN-100,  designed 
for  different  power  with  the  coefficients  of  the  division  of  voltage 
10  and  25,  and  also  other  dividers.  Fig.  11.13  gives  diagrammatic 
representation  of  the  construction/design  of  a  divider  of  the  type 


DOC  -  88076734 


^99 

PAGE  >'Kkv 

NS-1.  Here  cylindrical  resistor/resistance  of  the  type  of  UNU  is  made 
in  the  form  of  carbon  coating,  applied  onto  a  ceramic  rod. 
Resistor/resistance  is  placed  into  aluminum  shield  of  the 
variable/alternating  section,  whose  diameter  changes  exponentially. 
Stepped  transition/ junction  provides  the  matching  of  input  resistance 
of  divider  with  coaxial  cable  (of  type  RK-75-4-15),  which  has  the  wave 
impedance  of  75  ohms.  In  the  design  the  removal /out let  of  divider, 
designed  for  the  weakening  20  dB  at  the  power  to  10  W,  is  provided. 
Output  resistance  of  the  divider  of  75  ohms.  The  broad-band  character 
of  divider  is  affected  the  quality  of  transit  ions/ junctions  and  on 
properties  of  carbonic  coating.  The  latter  has  a  layer,  whose 
thickness  is  small,  and  it  is  possible  to  disregard  the  effect  of 
surface  effect  to  the  frequencies,  which  exceed  1  GHz.  Such  dividers 
can  be  utilized  with  the  work  with  the  pulses,  which  have  the  duration 
of  front  of  approximately  0.5  ns  and  more. 

Fig.  11.14  depicts  divider  in  the  form  of  distributed  system, 
developed  by  Fletcher  [216].  At  the  base  of  divider  lies/rests  the 
simplest  dividing  circuit  (Fig.  11.14a),  where  consecutive  and 
parallel  resistor  elements  R,  and  R,  are  formed  by  the  input 
resistances  of  two  concentrically  arranged/located  coaxial  lines  (Fig. 
11.14b).  Internal  line  with  a  wave  impedance  of  5  ohms 
(resistor/resistance  Rx)  has  polyethylene  insulation.  In  the  external 
line  as  the  insulation  is  used  rutile  (TiO,),  whose  relative 
dielectric  permeability  is  equal  to  85  and  does  not  depend  on 
frequency  up  to  30  GHz.  The  internal  and  external  surface  of  rutile 
is  covered  with  silver. 
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Fig.  11.14.  Diagrammatic  representation  of  coaxial  divider  of  voltage 
(a),  schematic  of  divider  (b) . 

Key :  ( 1 ) .  I nput .  ( 2 ) .  Output . 
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The  wave  impedance  of  the  second  line  (resistor/resistance  R,)  is 
equal  to  0.5  ohms.  Thus,  the  coefficient  of  the  division  of  voltage 
is  equal  to  100.  The  output  removal/outlet  of  divider  is  taken  from 
the  internal  conductor  of  the  second  line  through  the  opening/aperture 
in  the  ceramics.  Tapping  point  is  selected  so  that  the  corresponding 
sections  of  line  would  be  agreed  on.  The  distortions  of  pulse  during 
its  division  do  not  exceed  10%  for  the  duration  of  front  0.3-0. 4  ns. 


When  continuously  variable  control  of  coefficient  of  division  is 
required,  can  be  used  construction/design  of  divider,  carried  out  in 
the  form  of  non-uniform  circuit  of  transmission,  whose  length  of 
center  conductor  is  regulated.  Vith  a  change  in  the  length  of  center 
conductor  the  resistor/resistance  of  one  branch  of  divider  changes, 
and  consequently,  changes  the  coefficient  of  division.  However,  it  is 
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necessary  to  bear  in  mind,  that  during  the  transmission  of  pulses 
along  non-uniform  circuit  appear  some  distortions  of  pulse,  as  this 
follows  from  the  examination  of  the  transient  responses  of 
non-uniforms  circuit  of  transmission  (S  1.8). 

11.6.  Measurement  of  the  pulse  responses  of  the  transmission  lines. 

In  measurement  of  parameters  of  nanosecond  pulses  high  value  has 
quality  of  lines  of  transmission  of  measuring  circuit.  The 
transmission  lines  must  not  distort  the  pulses,  applied  to  the  input 
of  the  measuring  instrument  or  transmitted  from  one  unit  of  measuring 
device  to  another.  Transmission  lines  must  be  sufficiently  wide-band 
and  not  have  noticeable  heterogeneities. 

During  transmission  of  pulses  of  nanosecond  duration  it  is 
frequently  indicated  that  the  time  of  propagation  of  the  pulse  along 
the  line  is  considerably  longer  than  its  duration.  The  presence  of 
heterogeneities  in  the  line  causes  appearance  of  the  echo  pulses, 
which  are  propagated  in  the  form  of  incidental  and  counterflows. 

Page  607. 

However,  in  the  form  of  the  short  duration  of  main  impulses  and  with 
their  considerable  porosity  the  echo  pulses  do  not  introduce  such 
noticeable  distortions  of  fundamental  pulses,  as  this  could  be  with 
the  longer  pulses  or  in  the  case  of  the  transmission  of  continuous 
oscillations.  Therefore  during  the  transmission  of  nanosecond  pulses 
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the  evaluation/estimate  of  the  quality  of  the  transmission  lines 
according  to  their  frequency  characteristics,  taken/removed  in  steady 
state,  can  be  erroneous.  Instead  of  the  widespread  in  the  technology 
of  shf  method  of  the  evaluation/estimate  of  lines  with  the  aid  of  the 
standing-wave  ratio,  measured  in  steady  state,  for  the  nanosecond 
pulse  technique  is  frequently  desirable  the  measurement  of  the 
transient  or  pulse  responses  of  lines.  The  latter,  in  particular, 
make  it  possible  to  reveal  and  to  rate/estimate  the  heterogeneities, 
available  in  the  transmission  line. 

Thus,  for  evaluation/estimate  of  heterogeneities  in  two-wire 
circuits  and  waveguides  already  sufficiently  widely  is  used  method  of 
measurements  with  the  aid  of  pulses  of  very  short  duration,  based  on 
principle  of  radar  [217-220].  Fig.  11.15  gives  the  block  diagram  of 
the  measuring  device,  intended  for  the  evaluation/estimate  of 
heterogeneities  and  removal/taking  of  the  pulse  responses  of  line. 

The  master  oscillator  1  shapes  the  trigger  pulse,  which  enters  the 
generator  of  sounding  pulses  2,  and  also  shapes  the  calibration  pulse, 
which  enters  pulse  oscillograph  6  through  a  certain  time  interval, 
whose  value  is  regulated.  The  generator  of  sounding  pulses 
forms/shapes  either  video  pulses  or  radio  pulses  in  the  dependence  on 
the  type  of  the  circuit  (cable  or  waveguide)  being  investigated  and 
its  designation/purpose.  Sounding  pulses  very  by  the  jetty  of 
duration  and  the  pulses,  reflected  from  the  heterogeneities  of 
measured  line  3,  come  detector  4  and  after  it  to  the  attenuator  or 
amplifier  5  oscillograph. 
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All  these  pulses  are  observed  on  the  oscillograph  and  intervals 
between  them  are  measured  with  the  aid  of  calibration 
device/equipment. 
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Pig.  11.15.  Block  diagram  of  device/equipment  for  measuring 
heterogeneities  of  the  channel  of  transmission  of  pulses. 
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Realizing  preliminary  calibration  of  the  circuit  of  the  signal  of 
oscillograph,  it  is  possible  to  measure  the  voltage  of  the  echo  pulses 
and  to  rate/estimate  the  value  of  heterogeneities  along  the  line  being 
investigated.  Depending  on  the  required  resolution  of  instrument  as 
the  sounding  pulse  are  utilized  the  pulses  by  a  duration  from 
fractions  of  a  microsecond  to  fractions  of  a  nanosecond.  During  the 
selection  of  the  duration  of  sounding  pulse  is  considered  both  the 
necessary  time  resolution  and  the  reliability  of  the  determination  of 
the  coefficient  of  reflection  of  waves  from  the  heterogeneities. 
Therefore,  a  certain  optimum  value  of  the  duration  of  sounding  pulses 
[158]  is  selected. 


During  investigation  of  waveguides,  furthermore,  it  is  necessary 
to  consider  optimum  value  of  pulse  duration  in  connection  with 
increase  in  duration  of  radio  pulses  during  their  propagation  on 
waveguide  due  to  dispersion,  whose  effect  on  increase  in  pulse 
duration  depends  on  length  of  waveguide  being  investigated  (see  S 
1.7).  For  rectangular  waveguides  the  optimal  duration  of  the  sounding 
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radio  pulse  is  within  the  limits  of  2-5  ns. 

During  investigation  of  nanosecond  pulses  by  means  of  an 
oscillograph,  which  contains  a  tube  with  a  deflecting  system  of  type 
of  traveling  wave  (TBV),  it  is  very  desirable  to  know  characteristics 
of  tube  and,  in  particular,  value  of  heterogeneities  at  the  input  and 
output  of  the  deflection  system  and  along  its  spiral.  Such 
measurements  can  be  carried  out  according  to  the  method  in  question. 

If  we  in  the  measuring  unit  use  the  stroboscopic  unit,  which  makes  it 
possible  within  large  limits  to  change  the  value  of  the  amplification 
of  pulses  after  their  conversion,  then  the  sensitivity  of  entire 
installation  considerably  increases.  Therefore  it  proves  to  be 
possible  with  a  sufficient  degree  of  accuracy  to  investigate  the 
heterogeneities  of  the  deflection  system  of  the  TBV  and,  consequently, 
also  to  estimate  its  pulse  response. 

Fig.  11.16  gives  simplified  block  diagram  of  installation, 
intended  for  investigation  of  circuits  of  travelling-wave  tube  and  TBV 
[221],  The  unit  of  pulse  generator  1  forms/shapes  the  sounding  radio 
pulses,  which  enter  the  TBV  2  being  investigated,  and  it  also  shapes 
the  synchronizing  pulses,  which  pass  to  the  generator  of  strobe  pulses 
3. 
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The  pulses,  reflected  from  the  heterogeneities  of  the  tube  being 
investigated,  with  the  aid  of  directional  coupler  4  are 
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separated/liberated  from  launched  pulse  and  are  fed  to  the  converter  5 
of  the  stroboscopic  unit,  to  which  simultaneously  come  the  strobe 
pulses.  After  amplification  with  the  aid  of  the  travelling-wave  tube 
6  converted  radio  pulses  enter  detector  7.  After  detector  the  pulses 
through  low-frequency  filter  8  fall  on  usual  oscillograph  9,  which  has 
amplifier  in  the  circuit  of  signal.  The  spacings  between  pulses  are 
measured  on  the  oscillograph  and  their  amplitude  is  determined.  After 
this,  the  pulse  response  can  be  constructed. 

There  is  great  interest  in  the  possibility  with  the  aid  of  method 
in  question  to  determine  the  nature  of  heterogeneities  in  the  line, 
and  to  also  measure  the  value  of  wave  impedance  along  the  line  [220]. 

The  application  of  a  stroboscopic  oscillograph  for  indication  and 
measuring  the  pulses  allows  in  the  series/row  with  the  sounding  pulse 
to  measure  the  echo  pulses  of  a  small  amplitude.  The  ratio  of  the 
amplitudes  of  the  sounding  and  reflected  pulse  can  be  1000,  and  the 
measured  distances  between  the  heterogeneities  in  the  cable  can  be  the 
order  of  centimeters. 

For  determining  the  nature  of  the  reactance,  created  in  line  by 
heterogeneity,  a  comparison  of  signals  reflected  from  investigated  and 
known  heterogeneities  is  conducted.  Fig.  11.17  shows  the  oscillograms 
of  the  signals,  reflected  from  the  purely  inductive  (a),  capacitive 
(b)  and  active  (c)  heterogeneities  [220]. 
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Fig.  11.16.  Block  diagram  of  installation  for  investigation  of 
delaying  systems. 
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When  heterogeneity  is  effective  resistance,  it  is  possible  to  take  its 
measurement  with  an  accuracy  to  hundredths  of  an  ohm.  For  this 
instrument  it  is  calibrated  on  the  standard  resistance. 

With  the  aid  of  such  instrument,  duration  of  sounding  pulse  of 
which  is  equal  to  0.5  ns,  were  investigated  coaxial  cables, 
heterogeneities  were  determined  and  change  in  wave  impedance  of  cable 
along  its  length  was  measured.  This  made  it  possible  to  coordinate 
the  electrical  length  of  the  cable  with  an  accuracy  to  several 
millimeters. 

Further  improvement  of  described  methods  of  characteristic 
measurement  of  lines  of  transmission  and  wide-band  deflection  systems 
of  oscilloscope  tubes  will  make  it  possible  to  improve 
evaluation/estimate  of  the  quality  of  the  systems  and,  thus,  to  ensure 
proper  checking  during  development  of  new  pulsers  of  nanosecond  range. 
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Fig.  11.17.  Oscillograms  of  input  and  echo  pulses  during  a  study  of  a 
line  with  heterogeneity  of  inductive  (a),  capacitive  (b)  and  active 
(c)  character. 
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